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GLOSSARY OF SYMBOLS 
A amplitude of pressure oscillation, psfa (RMS); also used 
as admittance ratio, defined by Equation (2-26) 
A constant 
c velocity of sound, ft/sec 
d = Lc - z axial distance measured from nozzle entrance, ft 
E measure of experimental error in pressure amplitude, 
defined by Equation (2-15) 
f frequency, Hertz 
F measure of experimental error in pressure phase, defined 
by Equation (2-17) 
J ratio of nozzle throat area to chamber cross-sectional area 
L length, ft 
M mean flow Mach number 
p pressure, psfa (RMS) 
P pressure amplitude, psfa (RMS) 
q secondary-to-primary flow rate ratio 
r radius, ft 
Re real part of a complex quantity 
S normalized frequency, defined by Equation (4-1); also 
used as cross-sectional area, ft2 
T period of oscillation, sec 
u axial velocity, ft/sec 
V volume, ft 
A 
V quantity defined by Equation (2-21) 
y nondimensional admittance, defined by Equation (2-8) 
V admittance, defined by Equation (2-1), ft^/lbf-sec 
characteristic admittance of the gas in the chamber, 
ft3/lbf-sec 
axial length measured from injector end 
nozzle admittance parameter, defined by Equation (2-6) 
nozzle decay coefficient, defined by Equation (2-19), 
sec--'-
nozzle admittance parameter, defined by Equation (2-7) 
specific heat ratio 
real part of nondimensional admittance y^ 
pressure phase, defined by Equation (2-14), radians 
imaginary part of nondimensional admittance y^ 
phase change between incident and reflected pressure 
waves, radians 
wavelength, ft 
nondimensional decay coefficient 
density of gas in the chamber, lbm/ft 
scale factor, defined by Equation (2-34) 
angular frequency, radians/sec 
denotes conditions in actual engine 
denotes a chamber property 
denotes an experimental quantity 
denotes a quantity pertaining to a "family" of nozzles 
summation index 
quantity related to nozzle behavior 
denotes a reference quantity 
denotes a theoretical quantity 
perturbed quantity 
SUPERSCRIPTS 
(~) steady state quantity 
(̂ ) vector quantity 
SUMMARY 
This dissertation presents the results of an experimental investi-
gation undertaken to determine the effects of various nozzle design param-
eters on the capabilities of typical solid propellant rocket exhaust 
nozzles to attenuate axial combustion instabilities. The nozzles selected 
are representative of (a) a single-ported submerged rocket nozzle (RN-I) 
and (b) a multiple-ported rocket nozzle (RN-II). In pursuit of this 
objective several experimental studies were conducted with geometrically 
similar small-scale models of actual solid rocket nozzles. In addition 
to determining the attenuation provided by the small-scale models of 
the RN-I and RN-II nozzles, this investigation was also concerned with 
determining the dependence of solid rocket nozzle damping upon (a) the 
depth of the cavity surrounding a submerged nozzle, (b) the secondary 
flow rate issuing from the cavity of a submerged nozzle, (c) the geometry 
of the convergent section of a solid rocket nozzle, and (d) the number 
of nozzles present in a multiple-ported nozzle cluster. Finally, the 
criteria that should be used in scaling cold-flow, small-scale nozzle 
admittance data to real engine conditions were determined. 
The nozzle attenuation was determined by measuring the nozzle 
admittance and these data were then used to determine the nozzle decay 
coefficients resulting from the use of the full-scale nozzles. The de-
sired admittances were determined by measuring both the pressure ampli-
tudes and phases at discrete locations along a modified impedance tube 
that simulated the oscillatory flow conditions in unstable rockets. In 
this investigation the nozzles were tested under cold-flow conditions 
over a range of frequencies between 40 to 600 Hertz. This frequency 
range under cold-flow test conditions simulates, in general, the observed 
oscillatory flow conditions in unstable solid rockets. 
The measured admittance data indicate that the damping provided 
by the RN-I and RN-I1 nozzles are independent of the frequency and that 
both of these nozzles provide little damping for axial instabilities. In 
the case of the submeged nozzle, combustion instability in the chamber 
excites wave motion in the cavity surrounding the nozzle. The depth of 
this cavity has a strong effect upon phase changes at the nozzle entrance 
plane but it exerts almost no effect upon wave attenuation. Also, the 
magnitude of the cavity-to-chamber flow rate ratio was found to have a 
negligible effect upon the measured submerged nozzle admittance, 
The damping provided by short nozzles was found to be practically 
independent of the frequency and the geometrical details of the nozzle 
configuration and to be primarily dependent upon the nozzle area ratio. 
A comparison of the measured short nozzle admittance data with predictions 
of the "short nozzle" theory indicated that the theory underestimates the 
damping capabilities of short nozzles. 
It has also been found that for a regular (i.e. not short) solid 
rocket nozzle with fixed values of entrance Mach number and the length of 
the convergent section, the damping provided by the nozzle can be in-
creased by suitably redesigning the geometry of its convergent section, 
Tests conducted with conical, equal-radii-of-curvature and linear-velocity-
profile nozzles showed that the conical nozzle provided the most damping. 
Test with multiple-ported solid rocket nozzles showed that the quadruple-
ported nozzle provided less damping for axial instabilities than the 
single- and dual-ported nozzles whose damping capabilities were approxi-
mately the same. 
Finally, the scaling investigations showed that relevant nozzle 
damping data for both "short" and "long" full-scale nozzles can be ob-




This investigation is concerned with the experimental evaluation 
of the capabilities of typical solid propellant rocket nozzles to atten-
uate axial combustion instabilities. The nozzles selected are represent-
ative of (a) a single-ported submerged rocket nozzle (henceforth referred 
to as RN-I) and (b) a multiple-ported rocket nozzle (henceforth referred 
to as RN-II). In pursuit of this objective several related experimental 
studies have been conducted. In the first of these studies, the attenu-
ation provided by the RN-I and RN-II nozzles has been evaluated by 
determining the damping provided by small-scale models of the full-scale 
nozzles. Other studies undertaken in this investigation are concerned 
with evaluating the dependence of the nozzle attenuation upon (a) the 
depth of the cavity surrounding the submerged RN-I nozzle; (b) the 
secondary flow rate issuing from the cavity of the submerged RN-I nozzle; 
(c) the geometry of the convergent section of the RN-I nozzle; and (d) 
the number of nozzles in the RN-II nozzle cluster. Finally, this inves-
tigation has determined the scaling criteria which should be employed 
in the application of cold flow, small-scale nozzle damping test data 
in the design of full-scale rocket nozzles. This dissertation describes 




Solid propellant rocket motors are often subject to combustion 
instabilities involving oscillations of the gases within the combustion 
chamber. Such instabilities can result in failure of the rocket motor 
and the mission due to large amplitude pressure oscillations, increased 
heat transfer rates, and severe vibrations of the engine structure. 
Combustion instabilities occurring in solid propellant rocket 
motors are generally classified under three distinct categories based on 
the frequency of the oscillations. These categories are. 
(a) High-frequency instability. 
(b) Intermediate-frequency instability. 
(c) Low-frequency instability. 
High-frequency instability is encountered in the frequency range of 1000-
100,000 Hertz. This type of instability generally corresponds to one of 
the transverse acoustic modes of the combustion chamber. The intermediate-
n 
frequency instability is generally encountered in large rocket motors 
1 2 and it is characterized by frequencies ranging ' from one hundred to 
several hundred Hertz. In contrast to the high-frequency instability, 
the intermediate-frequency instability oscillations generally correspond 
to one of the axial acoustic modes of the combustion chamber. Finally, 
the low-frequency instability occurs in the frequency range of 1-100 
Hertz and it is generally encountered during the operation of large 
rocket motors. 
To date, several techniques have been used to suppress the above 
instabilities. Among these, the employment of powdered metals or metallic-
oxides in the solid propellant has proven effective in the suppression 
of high-frequency combustion instabilities. However, experience with 
7 3 
large size rocket motors (e.g., The Minuteman II Stage 3 ' ) has indi-
cated that such additives do not necessarily suppress the intermediate-
frequency combustion instability. Currently, no reliable technique exists 
for suppressing this type of instability. Hence suppressing the inter-
mediate-frequency combustion instability is currently a major considera-
3 4 tion in the design and development of large solid rocket motors. ' 
The susceptibility of solid propellant rocket motors to combustion 
instability depends upon the wave energy balance between the various gain 
and loss mechanisms that are present in the system. The primary source 
of wave energy gain is the combustion process. Energy loss mechanisms 
are provided by the mean flow, dissipative processes such as viscosity 
and heat transfer, relaxation processes in the gas phase, nozzle acoustic 
losses, and the particulate and structural damping. A meaningful stabil-
ity analysis of a solid propellant rocket motor would thus involve a 
quantitative evaluation of all the wave energy gains and losses pertain-
ing to a particular system. To evaluate nozzle damping or wave energy 
losses in the nozzle, the admittance at the nozzle entrance must be 
determined. The admittance is defined as the ratio of the axial ve-
locity perturbation to the pressure perturbation when both are expressed 
as complex numbers. The nozzle admittance is also needed in linear sta-
bility analyses where it is used as tne boundary condition that must be 
satisfied at the nozzle end of the combustion chamber. 
The theoretical determination of the nozzle admittance is a dif-
ficult gas dynamical problem which requires the solution of a mathe-
matically complex system of conservation equations which describe the 
behavior of the flow oscillations in the convergent section of the nozzle. 
Available theoretical treatments for computing the nozzle admittance 
are complex in nature, and, to date, solutions have been obtained only 
for a limited number of cases. The most sophisticated treatment of the 
nozzle admittance problem was developed by Crocco and Sirignano , who 
considered the case where the wave motion in the nozzle is three-dimen-
sional and the mean flow is one-dimensional. The latter assumption 
implies a slowly converging nozzle. This' theory indicates that the 
nozzle admittance is a function of the gradients of the mean flow prop-
erties in the convergent section of the nozzle, the frequency and mode 
of oscillation, and the value of the steady state Mach number at the 
nozzle entrance. With the exception of the frequency and mode of os-
cillation, the remaining parameters are controlled by the geometry of 
the convergent section of the nozzle. This theoretical treatment is also 
applicable to cases where both the wave motion and the steady state flow 
are one-dimensional. In separate theoretical treatments ' the special 
case where the length of the nozzle convergent section is small, when 
compared to the chamber length, has been considered. These studies show 
that the admittance of a "short nozzle" depends only on the value of the 
steady state Mach number at the nozzle entrance. Since existing nozzle 
theories widely vary in scope and complexity, it is important to deter-
mine the conditions under which the results of these theories may be 
used in stability analyses and in the determination of nozzle damping 
capabilities. In this investigation, the applicability of the theoretical 
analyses is investigated by comparing their predictions with measured 
nozzle admittance data. 
There are several experimental techniques that could be used to 
determine the damping capabilities of a nozzle. These are often re-
ferred to as the direct, wave-attenuation, frequency response, and 
standing wave methods. A brief description of each of these methods 
follows: 
o 
(1) In the direct technique a hot wire anemometer probe and a 
pressure transducer are installed in the entrance plane of the nozzle. 
The nozzle admittance is determined from direct measurements of the 
amplitudes and phases of the axial flow velocity and pressure oscilla-
tions at the nozzle entrance. However, experimental difficulties and 
inaccuracies that are associated with the measurements of the velocity 
perturbation reduce the quality of the measured nozzle admittances. 
(2) In the wave-attenuation or decay technique a pressure pulse 
is superimposed on a steady flow in a simulated chamber by bursting a 
diaphragm at the upstream end of the chamber. The decay rate of the 
resulting pressure pulse is measured and this data is used to determine 
the nozzle admittance. This technique is limited to investigations of 
nozzles having relatively small values of the ratio of the nozzle throat 
area to the chamber cross-sectional area because large values of this 
ratio result in extremely fast damping and high background flow noise. 
This method assumes that the observed decay is solely due to nozzle 
damping; a rather questionable assumption. Since the decaying pulse 
oscillates at the resonant frequency of the chamber, the measured admit-
tance is only applicable to this particular frequency. To evaluate the 
admittance at other frequencies the chamber length must be modified; a 
requirement that considerably detracts from the attractiveness of this 
method in situations where nozzle response over a wide frequency range 
6 
is needed. 
(3) In the frequency response or steady state resonance tech-
9,10 _. _ _ . ._ -, • 
mque ' an acoustic wave of a known frequency is excited m a simu-
lated rocket combustion chamber. The frequency of the oscillations is 
slowly varied over a range of frequencies starting with a frequency 
below one of the resonant frequencies of the chamber and ending at a 
frequency above the chosen resonant frequency. The amplitudes of the 
resulting pressure oscillations are measured and plotted as a function 
of the driving frequency. From the shape of the resulting acoustic re-
sponse curve the nozzle admittance at the chosen resonant frequency can 
be determined. This method suffers from most of the shortcomings that 
limit the applicability of the wave-attenuation method. In addition the 
analysis of Culick and Dehority indicates that the frequency response 
technique can only be used to measure the damping of nozzles whose admit-
tances are independent of the frequency. 
(4) The standing wave or modified impedance tube technique is 
1 Q 1 O 1 / 
an extension of the classical, no flow, impedance tube method > > 
employed to measure the acoustical damping capabilities of various mate-
rials. In the classical impedance tube technique, a sound source capable 
of generating a wave of desired waveform and frequency is placed at one 
end of a tube. The other end of the tube is terminated with a sample 
of the material whose damping capabilities or admittances are to be 
measured. A standing wave pattern of a given frequency is excited in 
the tube, and a microphone probe is traversed along the tube to measure 
the axial variation of the standing wave amplitude. The damping capa-
bility of the material can then be determined by measuring (a) the dis-
tance of the first pressure amplitude minimum or maximum from the tested 
sample and (b) the ratio of the maximum pressure amplitude to the mini-
mum pressure amplitude. The frequency dependence of the admittance of 
the tested sample may be determined by repeating the experiment at 
different frequencies. In this experiment, changing the frequency merely 
involves changing the frequency of the generated wave; a process that is 
considerably simpler than the modifications required in the wave-attenua-
tion or resonance experiments. 
The applicability of the various experimental techniques for meas-
uring nozzle admittances has been investigated by Culick and Dehority 
One of the important results of this study has been the conclusion that 
the impedance tube method appears to be the most suitable technique for 
the measurement of nozzle admittances. A similar conclusion has also 
been reached independently by Bell . References 11 and 15 derive the 
equations and discuss the experimental setup required to measure nozzle 
admittances in an impedance tube containing a steady one-dimensional 
mean flow. Due to the presence of a mean flow, the method used in these 
experiments has often been referred to as the Modified Impedance Tube 
technique. In related studies by Bell and Zinn et al., the experi-
mental determination of the admittances of liquid propellant rocket noz-
zles subjected to three-dimensional pressure oscillations Is discussed. 
In these studies the three-dimensional nozzle admittances are determined 
by measuring the amplitudes of a standing three-dimensional pressure 
pattern at a number of preselected locations along the modified imped-
ance tube. In this connection it should be pointed out that the experi-
mental nozzle admittance data obtained in these studies are in agreement 
with the theoretical predictions obtained using Crocco's nozzle admit-
tance theory . In view of the conclusions derived in References 11 and 
15, and the results described in Reference 16, it was decided to use the 
modified impedance tube method in the studies that were conducted under 
this investigation. 
Objectives 
In this dissertation, five related experimental studies have been 
undertaken and the objectives of each of the studies are stated below: 
Study 1: Determine the attenuation provided by the RN-I and 
RN-II nozzles by measuring the damping provided by small-scale models of 
the full-scale nozzles. 
Study 2; Determine the scaling rules that should be employed 
when cold flow, small-scale nozzle damping results are used in the design 
of full-scale nozzles. 
Study 3: Determine the dependence of the admittance of the sub-
merged RN-I nozzle upon (a) the depth of the cavity surrounding the 
nozzle and (b) the secondary flow rate Issuing from the cavity surrounding 
the nozzle. 
Study 4: Determine the dependence of the admittances of solid 
rocket nozzles upon the geometry of their convergent sections. 
Study 5: Determine the dependence of the admittance of multiple-
ported rocket nozzles upon the number of nozzles present in the nozzle 
cluster. 
A summary of the theory and the pertinent equations required for 
the determination of nozzle admittances and nozzle decay coefficients is 
presented in Chapter II. Descriptions of the experimental facility, the 
scaling procedure adopted for designing the experimental small-scale 
nozzles, the nozzle configurations, and the experimental procedure are 
presented in Chapter III. The measured nozzle admittance data are pre-
sented and discussed in Chapter IV. A summary of the results, conclu-





The equations required for the measurement of nozzle admittances 
in a modified impedance tube experiment are derived in detail in Ref-
erences 11 and 15. Only a qualitative description of the theory and a 
summary of relevant expressions will be presented in this chapter. The 
expressions needed for the experimental determination of the nozzle 
admittance are obtained from solutions of differential equations de-
scribing the driven oscillatory flow conditions inside a simulated, cold-
flow rocket combustor. These solutions are then required to satisfy the 
admittance boundary condition at the nozzle entrance. When this portion 
of the analysis is completed, the resulting expressions for the pressure 
amplitude |Pi| and the pressure phase 6 are found to be functions of the 
steady state properties of the medium, the axial coordinate, the known 
frequency, and the two parameters a and P that describe the as yet un-
known nozzle admittance. The availability of such expressions for the 
pressure amplitude and pressure phase suggest that if one can measure 
the pressure amplitude and/or pressure phase at various locations along 
the chamber, then the experimental data could be substituted into the. 
theoretical expressions for the pressure amplitude and/or pressure phase 
and the resulting algebraic equations could then be solved to determine 
the unknowns of the problem; that is, the parameters a and f3 which 
characterize the nozzle admittance. The measured nozzle admittance may 
11 
then be used to compute the nozzle decay coefficient, which is a param-
eter often used by industry to describe the nozzle damping capabilities 
The expression required for the computation of the nozzle decay coef-
ficient CL, from the measured admittance data is developed later on in 
this chapter, 
Nozzle Admittance 
The specific nozzle admittance, Y^, defined as 
Ul 
YM = — (2-1) 
N p 
represents the boundary condition that the solutions for the axial veloc-
ity perturbation u, and pressure perturbation p must satisfy at the 
nozzle entrance. In general, the nozzle admittance is a complex number 
whose real and imaginary parts describe the relationships that exist at 
the nozzle entrance between the amplitudes and phases of the velocity 
and pressure perturbations. These relationships depend upon the wave 
motion inside the convergent section of the nozzle. 
When a wave generated inside a combustor enters the nozzle, the 
presence of convergent walls and gradients of mean flow properties re-
sult in continuous reflection and refraction of the wave as it moves 
through the convergent section of the nozzle. When such a wave reaches 
the nozzle throat, where the flow is sonic, an upstream propagation can 
no longer occur and the wave moves through the throat into the divergent 
portion of the nozzle. The complex processes taking place inside the 
convergent section of the nozzle result in both amplitude and phase 
differences between the incident and reflected pressure waves at the 
nozzle entrance. It can be shown (e.g., see Reference 15) that the 
magnitude of these differences can also be described by the nozzle 
admi ttance. 
The expressions required for the calculation of the nozzle admit-
tance are obtained by solving the system of conservation equations that 
describe the behavior of small amplitude, one-dimensional disturbances 
which are superimposed upon a steady one-dimensional flow field inside 
a simulated cold flow rocket combustor. The simulated combustor has an 
acoustic driver at one end of the chamber and a choked nozzle at the otlier 
end. The above-mentioned solutions are then required to satisfy the 
admittance boundary condition at the nozzle entrance. The resulting 
expressions (see Reference 15 for detailed derivations of these solutions) 
describing the time and space dependence of the pressure and velocity 
perturbations inside the simulated combustor are given below: 
P 1 ( z , t ) = YPA e
i ( C J t + a z ) c o s h ( 0 - iRz) ( 2 - 2 ) 
u , ( z , t ) = cA e l ( c d t + az) s i n h ( 0 - iRz) ( 2 - 3 ) 
where 
(&)/c)M 
3 = =7 
(1 - MZ) 
(Wc") 
R -1 
(1 - M ) 
r 2(LC -
 z> i 




 2"(l - M ) (2-5) 
(co/ c) 
The admittance parameters a and f3 describe the previously men-
tioned relationships between the amplitudes and phases of the incident 
and reflected pressure waves at the nozzle entrance. It can be shown 
that 
Amplitude of Reflected Pressure Wave] = e~
2r*a (2-6) 
Amplitude of Incident Pressure Wave , 
-1 nozzle 
entrance 
and that the phase change, 9, between the incident and reflected pressure 
waves at the nozzle entrance is described by the following expression: 
8 = n(l + 2^) ; -0.5 <p < 0.5 (2-7) 
The nondimensional form of the specific nozzle admittance can be 
written in the following form: 
'H-H^.-O"""' 
where the reference admittance Y = (g/pc) is the characteristic admit-
tance of the gas medium in the chamber. The conversion factor g which 
is included in the definition of Y will be omitted from the following 
discussion. Consequently, the density p must be expressed in the units 
9 / 
Ibfsec /ft whenever it appears in the definition of the characteristic 
admittance of the gas; that is, I/pc. 
]4 
Substituting the solutions obtained for the pressure and velocity 
perturbations (i.e., Equations (2-2) and (2-3)) into the above defination 
1 O 
gives the following expression for the nondimensional nozzle admittance 
V 
y = coth rr(a - i£) (2-9) 
Separating the nondimensional nozzle admittance into its real and imag-
inary parts, the following relations are obtained: 
r = 
T] = 
tanh(TTa) sec (rr(3) 
t anh (no?) + t an (rr£) 
2 
sech (TTCO tan(nj3) 
2 2 
tanh (no/) + t a n (rrP) 
(2 -10) 
(2 -11) 
Examination of Equations (2-8) through (2-11) shows that the nondimen-
sional nozzle admittance depends upon the steady state properties of the 
flow and the parameters a and (3 . 
It remains to be determined how a and (3 can be evaluated from 
pressure amplitude or pressure phase measurements inside a simulated, 
cold-flow rocket combustor. To accomplish this, Equation (2-2) Is re-
written in the following; form: 
Px(z,t) = |P1(z)| e 
i(6 4- cot) 
(2-12) 
where the pressure amplitude |Pi(z)j is given by 
| P i ( * ) | = P t = A cosh (TTO/) - cos TT|P + -r-A (2 -13 ) 
and the pressure phase 6 is given by 
tanh(rrQ') 
6(z) = az + Arc tan 
tan rr(p + ^ 
(2-14) 
Equations (2-13) and (2-14) show that the pressure amplitude |P-,| and 
pressure phase 6 are functions of the axial coordinate, the steady state 
properties of the medium, the known frequency and the unknowns a, P, 
and A. This functional dependence suggests that the unknowns a and f3 
can be evaluated from either pressure amplitude measurements or pressure 
phase measurements taken at three different locations along the length of 
the simulated chamber. In this investigation the admittance parameters 
Qf and (3 were determined by measuring both the pressure amplitudes and 
phases. The resulting values of a and p were then substituted into 
Equations (2-9) through (2-11) to determine the nozzle admittance. 
Since the expressions relating IPil and & to admittance param-
eters <y and 3 are nonlinear, pressure amplitude or pressure phase meas-
urements taken at only three discrete axial locations may not guarantee 
the uniqueness and accuracy of the calculated values of Q> and P . Stated 
differently, pressure amplitude or phase measurements taken at three 
locations along the standing wave pattern will not yield enough in-
formation about the shape of the standing wave pattern inside the simu-
lated chamber. These points are further discussed in Appendix A. Hence, 
in this investigation ten transducers, located at different locations 
along the chamber, are used to measure the pressure amplitudes and phases. 
The measured data are then used to compute the desired values of the 
admittance parameters <y and (3 using the method of Nonlinear Regression 
(NLR). The method of NLR consists of determining those values of a and 
16 
(3 which give the best fit between the measured pressure amplitude and 
phase data and the corresponding theoretical predictions as obtained from 
Equations (2-13) and (2-14). 
To obtain values of the admittance parameters <y and (3 from pres-
sure amplitude measurements, the method of NLR is used to determine the 
set of values A, <y, and (3 that minimize the root-mean-square deviation 
between the experimental data and the corresponding theoretical pressure 
amplitudes obtained from Equation (2-13). To compute this set of values 
of A, a, and (3 a quantity E defined as 
10 2 
E = Z [pE(
Zi) " PtCvosP.A.OJ.M...)] (2-15) 
L=l 
is minimized. In Equation (2-15), the quantity P (z.) represents the 
E i 
experimental value of the pressure amplitude measured at location z. 
and P (z . , QS(3 ,o>,M. . . ) is the corresponding theoretical amplitude evalu-
ated by use of Equation (2-13). The NLR technique calculates the values 
of A, a, and (3 that minimize the quantity E by solving a system of non-
linear algebraic equations which are generated by taking a partial 
derivative of E with respect to each of the three unknown parameters and 
then equating the resulting expression to zero; that is, 
£?L= 0 ; ̂  = 0 ; ̂  = 0 (2-16) 
bA ba 6£ 
The resulting values of A, of, and (3 determine the minimum value of the 
surface E(A,o/,j3). 
Optimum values of the admittance parameters can also be determinea 
from pressure phase measurements. This is achieved by using the method 
of NLR to determine the set of values of a and P that minimizes the 
root-mean-square deviation between the experimental phase data and the 
theoretical phases obtained from Equation (2-14). To compute the 
required set of values of a and |3 a quantity F defined as 
10 2 
F = Z [5E(Zi) - 5t(Zi,a,/3,o>,M-..)] (2-17) 
i=l 
is minimized. In this expression, the quantity 6r,(z.) is the measured 
E 1 
pressure phase at location z. and 6 (z. , a,j3 ,a>,M. . . ) is the corresponding 
theoretical pressure phase as determined using Equation (2-14). The 
values of a and j3 that minimize the quantity F are determined by solving 
the system of nonlinear algebraic equations obtained by taking partial 
derivatives of F with respect to the unknown parameters 0/ and P and then 
equating the resulting equations to zero; that is, 
£1=0 ; ̂ I = 0 (2-18) 
ba b£ 
As mentioned earlier, the optimum values of the admittance param-
eters a and |3 are determined in this investigation from both the pressure 
amplitude and pressure phase measurements. The real and imaginary parts 
of the non-dimensional nozzle admittance ratio, y , are then determined 
by substituting the computed values of 0/ and f3 into Equations (2-10) and 
(2-11). Additional details on the use of the NLR technique and the 
associated computer programs are given in Reference 15. 
Nozzle Decay Coefficient 
3 19 20 
In practice ' ' , the overall stability of solid propellant 
18 
rocket motors is often determined by evaluating a coefficient a that 
describes the rate of growth or decay of a small amplitude oscillation 
inside the combustor. The sign of a , determines whether the oscilla-
gd 
tion will grow or decay with time. The coefficient a i can be expressed 
gd 
as a summation, ZQ>. , where the components <y. represent the contributions 
i L 
of the various relevant processes (e.g., combustion, flow in the nozzle) 
to the stability of the rocket combustor. This section is concerned 
ith the evaluation of the quantity <y that may be regarded as a measure 
w 
of the damping provided by the nozzle. When the nozzle is the only 
factor that can affect the growth or decay of an oscillation inside the 
combustor, the temporal behavior of the combustor oscillation may be 
expressed in the following form: 
Pl(z,t) = P(z)e
 N eiCtJt (2-19) 
The following discussion will outline how the measured nozzle admittance 
data can be used to measure the nozzle decay coefficient. 
According to Reference 21, the nozzle decay coefficient may be 
determined from the following relationship: 
M 




+ pc(M'ii) ii + ( M ' u J p.Mi > (2-20) 
where 
2 
p u*u. ( F-i u - u \ 




and the time average < > is defined as follows 
< > = lira — P ( ) dt 
T-*oo T Q 
(2-22) 
Implied in Equations (2-20) and (2-21) is the assumption that the growth 
or decay rate of the oscillations is small. It should also be pointed out 
that in order to evaluate the nozzle decay coefficient using Equations 
(2-20) and (2-21), the acoustic mode structure (i.e., p (z,t) and u (z,t)) 
and the steady state flow conditions throughout the chamber must be known. 
Substituting the expression for the nozzle admittance Y (defined in 
Equation (2-1)), into Equation (2-20) and rearranging yield the following 
expression: 





(1 + M ) Re } Ŷ T > + — + pcM Y 
pc ' l 
(2-23) 
where P-.J is the amplitude of the pressure oscillation at the nozzle 
entrance. The relationship M-n = M and u-n = u , where now M and u 
— » — » — > L — > j^ i 
should be interpreted as the components of the steady state Mach number 
and velocity perturbation in the direction of the normal n, were used in 
the derivation of Equation (2-23). Assuming uniform flow conditions at 
the nozzle entrance plane, Equation (2-23) can be rewritten as follows: 
2pcV 
S N I P N ' 
[(1 + M 2) Re|yNl + M + M|yN|
2] (2-24) 
The right-hand side of Equation (2-24) consists of four terms, three of 
20 
which depend upon the steady flow Mach number at the nozzle entrance. 
These three terms may be considered as representing wave energy losses 
resulting from the presence of a mean flow and the remaining term is the 
radiative wave energy loss. For later reference, it should be pointed 
out that both sides of Equation (2-24) are nondimensional. When I y I 
and M are much smaller than 1, then Equation (2-24) can be simplified to 
the following form: 
2PC"V \ ^ = - [M + R e | y N | ] ( 2 -25 ) 
s ? I / 
In some investigations of combustion instability in solid propel-
22 
lant rocket motors the following definition of nondimensional nozzle 
admittance is used: 
A, - (t) 1 - (t\ YN (2-26) 
Substituting Equation (2-26) into Equation (2-23), rearranging terms, 
and assuming that the flow conditions across the nozzle entrance are 
uniform yield the following result: 
2PCV \ -r, 
' N ' ^ N ' V
S M P J 
[ (1 + M2) ReJAJ + M 2 | A j 2 + l ] (2-27) 
where A is the modified admittance, defined in Equation (2-26), eval-
uated at the nozzle entrance. Assuming that A ^ is a quantity of order 
-2 
one or smaller and that M « 1, Equation (2-27) may be simplified to 
the following form: 
2ncV 
• S N ' P N I 
|«N = " M t R e \ + ^ (2 -28) 
which is equivalent to the relationship used in Reference 22 to evaluate 
the nozzle decay coefficient. 
To proceed with the determination of the nozzle decay coefficient 
ovj, for a cylindrical chamber subject to axial instabilities, the real 
parts of p and u.. obtained from Equations (2-2) and (2-3) are substi-
tuted into Equations (2-20) and (2-21) and the indicated space inte-
gration and time averaging are performed (see Appendix B for details). 
These manipulations yield the following expression for the nondimensional 
nozzle decay coefficient A..,: 
A N = 
^ L c 
M + 1 l + M 1 tanh(2TTa) 
L 1 + M tanh(2na) 
(2-29) 
An examination of Equation (2-29) indicates that for the case under con' 
sideration, the nondimensional nozzle decay coefficient is a function 
of the mean flow Mach number M and the admittance parameter <y. In-
spection of Equation (2-6) shows that the parameter a describes the 
wave amplitude changes at the nozzle entrance, and the latter may be 
related to the corresponding wave energy changes between the incident 
and reflected waves. When both M and Q1 are small quantities, Equation 
(2-29) reduces to the following approximate form: 
A„ = - [M + TTCY] lN 
(2-30) 
22 
Using Equations (2-10) and (2-30), it can be shown that in the special 
case when (3 ~ \ (i.e., when the nozzle entrance "acts" like a solid wall) 
the expression for the nozzle decay coefficient reduces to the following 
approximate form: 
A N = - [M + Re/yN|] = - [M + T] (2-31) 
23 
When M is small, the following relationship 
v + 1 
2 \ 2(Y - 1) 
M 
+ 1/ (2-32) 
no 
where J i s S , /S , , h o l d s . In the case of a i r , the s p e c i f i c 
t h r o a t chamber 
heat r a t i o y equals 1.4 and Equations (2-30) and (2-32) can be combined 
to give 
AN = - [0 .58J + n t t] (2-33) 
Examination of Equations (2-29) through (2-33) shows that the 
zzle decay coefficient is directly proportional to the mean flow Mach 
number M as well as the real part of the nondimensional nozzle admittance 
r. The former represents mean flow effects while the latter represents 
energy losses due to acoustic energy radiation through the nozzle. 
Equation (2-30) indicates that increasing both Q/ and M will increase the 
chamber's decay coefficient. However, in contemplating such changes in 
ctual systems one should also consider how these changes may affect 
ther gain or loss mechanisms that are present in the system. For ex-




increase the gain due to the combustion process. The latter increase in 
gain may be equal to or larger than the increased nozzle loss and thus 
result in a more unstable system. Also changing M may interfere with 
other engine design considerations such as grain configuration and propel-
lant properties. Hence it appears that a simpler and safer way to increase 
nozzle losses would be through nozzle design modifications that will 
result in an increase in the acoustic energy radiation through the nozzle. 
Scaling of Nozzle Admittance Data 
Considerations of scaling of nozzle admittance data give rise to 
the following two questions: (a) what nozzle design features should be 
reproduced in a small-scale experiment designed to yield meaningful 
nozzle admittance data, and (b) how can nozzle admittance data, measured 
in cold flow, small-scale experiments, be used to predict the behavior 
of full-scale nozzles under normal engine operating conditions? To 
answer these questions one should determine what variables actually 
determine the nozzle admittance and then attempt to simulate these 
variables in a small-scale experiment. To determine these variables 
one must consult the analyses that are concerned with the prediction of 
the nozzle admittance. 
The nozzle admittance studies of Crocco indicate that for lon-
gitudinal mode oscillations the nozzle admittance depends on the non-
dimensional frequency S, defined as cor /c, the axial distribution of the 
steady state Mach number in the convergent section of the nozzle, and the 
specific heat ratio. Since the values of the specific heat ratios for 
different fluids do not differ considerably from each other, Crocco's 
analysis suggests that, in general, the nondimensional frequency and the 
mean flow Mach number distribution are the parameters that should be 
duplicated in the design of small-scale nozzles to be employed in experi-
mental nozzle admittance studies. Crocco's analysis also indicates that 
the admittance data of a reference nozzle with a given entrance Mach 
number can be used to obtain the admittance data of a "family" of nozzles 
having the same entrance Mach number and designed by a linear "contraction' 
or "stretching" of the reference nozzle. If z r is the length of the 
ref 
convergent section of the reference nozzle and z is the corresponding 
length of the modified nozzle obtained by "stretching" or "contracting" 
the reference nozzle, then a scale factor a can be defined as 
(2-34) 
'ref 
Then, according to Crocco's analysis, the nondimensional admittance of 
the modified nozzle is obtained from the following relationship: 
<V 
fJ S = S <v refj S = S (2-35) 
ref 
whose S is given by S /a. The geometrical relationships between the 
reference and modified nozzles are illustrated in Figure 1. Examination 
of this figure indicates that the modified and actual nozzles have 
similar conical sections but different radii of curvature at the nozzle 
throat and entrance sections. According to Crocco, the error introduced 
due to this difference in the shapes of the two nozzles is expected to 
be negligible. 
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Figure 1. "Family" of Scaled Nozzles. 
2o 
solid propellant rocket nozzles are considerably shorter than the wave-
length of the oscillation, the results of References 6 and 7 that investi-
gate the admittances of short nozzles, also need to be considered in the 
present discussion. According to these references, the nondimensional 
nozzle admittance y can be expressed as follows: 
yN = (P5)YN = l ^ i A A (2"36) 
It follows from Equation (2-36) that in the case of short nozzles the 
specific heat ratio y and the mean flow Mach number at the nozzle en-
trance are the only nondimensional parameters that should be reproduced 
in small-scale experiments designed to measure nozzle admittances. Since 
variations in the values of y between different fluids are relatively 
small, one might expect that perhaps M is the only nondimensional param-
eter that should be reproduced in the small-scale experiments. Intuition 
and the previously-mentioned results of Reference 5 also suggest that the 
full-scale and small-scale nozzles should be similar in the sense that 
the axial distributions of the steady state Mach numbers in the full-
scale and small-scale nozzles are the same. Adopting the latter criterion 
results in geometric similarity between the full-scale and small-scale 
nozzles. Whenever possible, this criterion has been used as a guide in 
the design of the small-scale nozzles tested in this investigation. 
Equation (2-36) also indicates that the measured nozzle admittance Y„ 
n N 
should be normalized with respect to the admittance of the medium (1/pc) 
and that the measured admittance should be independent of the frequency 
as long as the short nozzle assumption is satisfied. 
V : 
Next, the sea -. ng of cold flow nozzle admittance data to actual 
systems will be considered. The above discussion suggests that the short 
nozzle admittance data should be presented as plots of ŷ T versus M. In 
N 
applying this data to actual systems, one needs to verify that the actual 
nozzle is geometrically similar to the small-scale nozzle and that the 
dimensions of the actual nozzle satisfy the short nozzle criterion 
requiring that L /A. « 1. In this case L is a characteristic nozzle 
H b N N 
dimension and A is the wavelength of the unstable oscillation. In addi-
tion, to obtain data that is applicable to actual systems the cold flow 
experiments should be conducted over a range of frequencies whose wave-
lengths are equal to wavelengths observed during axial instabilities 
inside the actual engines. The restriction on wavelengths results in 
-2 
the following relationship, when M « 1: 
2 n 5A 2TTC_E (2-37) 
A.A - A. - = 
A E ^ coE 
Once these criteria have been verified, one can obtain the admittance of 
the actual nozzle from the relationship 
A PAcA V / E 
where (pcY ) is the experimentally determined nondimensional admittance, 
(Y.T) . is the admittance of the actual nozzle, and l/n.c. is the specific 
N A PA A 
admittance of the medium in the "hot" or actual engine. 
Next, the determination of the nozzle decay coefficient <y of 
actual engines from nozzle admittance data, measured in small-scale cold 
28 
flow experiments, will be discussed. For this purpose it will be in-
structive to consider Equation (2-25) or Equation (2-28) that provide 
analytical expressions for calculating a for combustors with low values 
of M. Both sides of Equation (2-25) are nondimensional, and the quantity 
on the left-hand side may be considered as a parameter describing the 
acoustics of the combustor, while the expression on the right-hand side 
of the equation may be considered as describing the acoustic properties 
of the nozzle. Suppose two nozzles having the same admittances y and 
the same mean flow Mach numbers M, at their entrances, are attached to 
two different combustors, and suppose one would like to determine the 
nozzle decay coefficient of one of these combustors by investigating the 
behavior of the other combustor, which in this discussion will be taken 
to be the cold flow, small-scale chamber used in the present program. 
Equation (2-25) can be applied to both systems in order to determine 
their Q> . However, since the nozzles of both systems are assumed to be 
identical, then the right-hand side of Equation (2-25) will be the same 
for both engines, and one can write 
P5c*N
V \ - /P 5 aN V 
(2-39) 
2/ I I I 2 
/ \ S P 
N'~N' / . \ N1 N1 
where the subscripts A and E represent quantities related to the actual 
and experimental engines, respectively. Rearrangine Equation (2-39) yields 
•v. ("i'4 
(aJ = _ Vi rr^ (2"4°) 
A PAC"A (V„ M P N I . <V_ 
Examination of Equation (2-27) shows that the scaling of nozzle decay 
coefficient data depends upon knowledge of the specific acoustic im-
pedances pc of both media at the nozzle entrances, knowledge of nozzle 
entrance area S , and knowledge of the structures of the acoustic modes 
A . 2 
inside the combustors as represented by the parameter V/ P . In actual 
practice it may be more convenient to calculate the desired a directly 
from Equation (2-25). In this case one can substitute the experimentally 
measured value of y into Equation (2-25) and the remainder of the 
needed information must be supplied from other sources. Determination 
of the specific acoustic impedance requires knowledge of the actual 
temperature and composition of the gases at the nozzle entrance, and the 
A I . 2 
determination of the parameter V/|P | requires knowledge of the acoustic 
A I | 2 
mode structure inside the combustor. While the parameter V/|P | can be 
easily determined for relatively simple acoustical systems (e.g., see 
Appendix B ) , its determination for the complex geometries with mean flows 
found in actual solid propellant rockets, is a formidable if not an impos-
sible task. When the oscillations in the actual engine and experimental 
setup are longitudinal, the nozzle decay coefficient for the actual 
engine can be obtained from measured cold flow decay coefficients by 
using Equation (2-29) or the following relationship: 
^ E <°">A 
(O - — (V (2-41) 
N A (L ) (c) ^ E 
A . 
Before leaving this section, it should be pointed out that the 
formulae for the determination of ™ are based on knowledge of the non-
30 
dimensional nozzle admittance y . However, nozzle admittance data is 
N 
usually obtained in experiments where the amplitude of the chamber 
oscillation neither grows nor decays with time. When one uses such an 
admittance to compute the nozzle decay coefficient, one is implicitly 
assuming that the available nozzle admittance, which was measured under 
conditions of constant wave amplitude, is also applicable to situations 
in which the amplitude of the oscillation changes with time. The 





In this investigation the damping capabilities of solid rocket 
exhaust nozzles have been measured using the modified impedance tube 
technique. The test apparatus includes a cold flow acoustic test 
facility which is capable of simulating rocket engine combustion insta-
bilities in a laboratory setup in which a wide range of test variables 
may be investigated. In the experimental setup, the rocket engine com-
bustor is replaced by the modified impedance tube and the gas flow gen-
erated by the combustion process is simulated by a steady one-dimensional 
mean flow. The periodic oscillations in the unsteady rocket combustor 
are reproduced by means of two electropneumatic acoustic drives which 
generate discrete frequency pressure oscillations inside the modified 
impedance tube. 
Test Facility Air Supply System 
The air supply for the test facility is provided by high pressure 
storage tanks with a total volume of 500 cubic feet and a maximum 
operating pressure of 3,000 psig. The air supply can provide four 
minutes of continuous testing with the available 11-3/8 inch diameter 
modified impedance tube with a chamber Mach number and static pressure 
of 0.08 and 25 psig, respectively. A schematic diagram of the flow 
system is presented in Figure 2 and a sketch showing the components of 
fc 
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Figure 2. Schematic Diagram of the Acoustic Test 
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the facility is presented in Figure 3. 
A system of pressure regulators maintain a constant pressure air 
supply upstream of the main and driver air supply control valves for all 
impedance tube flow requirements. The main air supply control valve 
maintains a constant pressure differential across the acoustic drivers. 
The flow from the main air supply control valve is discharged into a 
muffler which attenuates the flow noise and provides a uniform pressure 
distribution across the multiple orifice injector plate located between 
the muffler and the impedance tube. The flow from the impedance tube, 
which includes both the flow from the injector and the flow from the 
acoustic drivers, is exhausted through the test nozzle into a silencer 
tunnel that is vented to the atmosphere. 
Modified Impedance Tube 
The modified impedance tubes used in this investigation have been 
specifically designed to investigate the acoustical damping capabilities 
of rocket engine exhaust nozzles. Two impedance tubes with inside di-
ameters of 7-5/8 and 11-3/8 inch, respectively, have been utilized in 
this investigation. Each impedance tube is 120 inches in length. The 
upstream end of the impedance tube is attached to an injector plate and 
the test nozzle is coupled directly to the flange at the downstream or 
the exhaust end of the impedance tube. Provisions have been made along 
the length of each of the impedance tubes for the installation of 
acoustic drivers, dynamic pressure transducers, thermocouples, and 
static pressure orifices. The positions of the acoustic drivers and 
the locations of the instrumentation ports utilized for this investiga-
tion are shown in Figures 4 and 5 for the 7-5/8 inch and 11-3/8 inch 
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diameter impedance tubes, respectively. 
A multiple orifice injector is attached to the upstream end of 
the impedance tube to provide a uniform velocity distribution of the 
entering airflow. During testing a supercritical pressure difference ±r: 
maintained across the injector to ensure sonic velocity at the exits of 
the injector orifices. This isolates the muffler from the forced pres-
sure oscillations in the impedance tube and minimizes the acoustic 
feedback. Several interchangeable injector configurations, designed to 
provide a wide range of airflows with a relatively constant pressure 
difference across the injector orifices, are available for each impedance 
tube. In general, the injectors used in conjunction with the 7-5/8 inch 
and the 11-3/8 inch diameter impedance tubes have orifice patterns 
containing 755 and 1,627 orifices, respectively. The flow rates of the 
injectors are determined by the diameter of the injector orifices. 
Two electropneumatic drivers, each capable of developing 4,000 
watts of acoustic power, are close-coupled to the chamber wall four inche: 
downstream of the injector. The frequency and waveform output of the 
acoustic drivers are controlled by a sweep oscillator. For this investi-
gation the waveforms of the oscillations are sinusoidal and during a test, 
with the drivers driven in phase, the driven-wave frequencies are varied 
linearly over the range from 40 Hertz to 600 Hertz at a rate of 8 Hertz 
per second. In this frequency range the two drivers together can 
develop resonant sound pressure levels greater than 160 decibels 




The available experimental facility is restricted to testing 
nozzles and combustion chambers with cross section diameters no greater 
than 11-3/8 inch, which is the inside diameter of the larger impedance 
tube. Full-scale models of the RN-I and RN-II nozzles exceed the 
size limitations of the experimental facility. Therefore, the damping 
provided by the rocket nozzles has been determined by investigating the 
damping capabilities of geometrically similar small-scale nozzles. The 
required small-scale nozzles were machined from aluminum billets. 
The small-scale nozzles were designed to simulate (a) the nozzle 
entrance plane mean flow conditions and (b) the geometry of the con-
vergent section of the full-scale nozzles. For each small-scale nozzle 
configuration, the throat diameter was sized to obtain the desired mean 
flow Mach number in the impedance tube. All lengths were then normalized 
with respect to the throat radius and the axial distribution of the 
nondimensional cross-sectional radius was taken to be the same as in the 
full-scale nozzle. 
The RN-I rocket engine has a single exhaust nozzle which is re-
cessed into the combustion chamber and the solid propellant grain extends 
into the recessed cavity behind the plane of the nozzle entrance. A 
sketch showing the geometry of the submerged RN-I nozzle is presented 
in Figure 6. 
The RN-II rocket engine has four exhaust nozzles which interface 
with the combustor at a conical section. The entrance planes of the 
nozzles are flush with the surface of the base of the conical section, 
A <1 Sect ion A-A 
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and the nozzle centerlines are basically parallel to the centerline of 
the combustor. A sketch showing the orientation of the RN-II nozzle 
cluster with respect to the loaded rocket motor is presented in Figure 
7. 
Study 1: Damping Capabilities of the RN-I and RN-II 
Small-Scale Nozzles 
The objective of this study is to determine the attenuation pro-
vided by small-scale models of the RN-I and RN-II nozzles. Details of 
the small-scale configurations of the RN-I and RN-II nozzles, scaled for 
testing in the 11-3/8 inch diameter impedance tube, are presented in 
Figures 8 and 9, respectively. The small-scale nozzle configurations 
represent the nozzle orientations relative to the combustors and the 
effective combustion chamber geometries of the rocket engines during that 
phase of the burn cycle when the engines experience axial instabilities. 
The available longitudinal mode instability data of a rocket 
engine having the RN-I nozzle indicates that an instability starts at a 
combustor Mach number of 0.15, reaches a maximum amplitude at a combustor 
Mach number of 0.10, and diminishes at a combustor Mach number of 0.08. 
The small-scale RN-I nozzle was designed to simulate the full-scale 
nozzle and cavity geometries during the unstable phase of the burn cycle. 
Due to experimental facility size limitations the chamber mean flow Mach 
number for the RN-I nozzle investigation had to be restricted to 0.08, 
which is still within the range of unstable operation. Also, due to 
size limitations the chamber mean flow Mach number for the RN-II nozzle 
investigation had to be restricted to 0.06. 
Study 2: Investigation of Acoustic Scaling Criteria 
It is generally assumed that the damping capabilities of rocket 
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Figure 9. Study 1. Small-Scale EH-II Nozzle Conf igura t ion . 
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nozzles can be obtained by investigating the behavior of geometrically 
similar small-scale models of the full-scale nozzles. To investigate thf 
validity of this assumption the RN-I and RN-II nozzles were scaled in 
this study to be compatible with the 7-5/8 inch diameter impedance tube. 
The small-scale configurations were scaled using the linear scaling 
criteria that had been used in the design of the test nozzles of Study ]. 
The measured admittances of the RN-I and RN-II nozzles of Study 2 were 
then compared with the corresponding admittances measured in Study 1. 
The test configurations of the RN-I and RN-II nozzles scaled for 
the 7-5/8 inch diameter impedance tube are presented in Figures 10 and 
11, respectively. The mean flow chamber Mach numbers for the RN-I and 
RN-II nozzles were 0.08 and 0.06, respectively, which were the same as 
the Mach numbers used in the testing of the corresponding nozzles in 
Study 1. 
To obtain an additional check on the applicability of the scaling 
criteria employed in this investigation an additional rocket nozzle, 
having response characteristics different from those of the RN-I and RN-II 
nozzles, had been designed. This nozzle (henceforth referred to as RN-III) 
scaled for testing with the 7-5/8 inch diameter impedance tube, is pre-
sented in Figure 12. The measured admittance data of RN-III nozzle weie 
compared with the corresponding admittance data obtained by Bell , who 
had tested a geometrically similar nozzle using the 11-3/8 inch diameter 
impedance tube. 
Study 3: Dependence of Nozzle Damping upon Cavity 
Depth and Secondary Flow Rate 
The RN-I rocket nozzle, shown in Figure 6, is recessed into the 
combustion chamber of the rocket motor. The solid propellant grain 
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Figure 10. Study 2, Small-Scale RN-I Nozzle Configuration. 
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extends into the recessed cavity behind the nozzle entrance plane. After 
ignition, the recession of the burning propellant surface results in an 
increase with time of the depth of the cavity surrounding the nozzle, and 
the flow rate of the combustion products flowing from the cavity into the 
chamber. In this study these changes were simulated experimentally, and 
their effects upon the nozzle admittance were determined. 
The nozzle tested in Study 3 was a small-scale version of the 
RN-I nozzle with provisions for varying the depth of the cavity located 
downstream of the nozzle entrance plane, and for injecting a secondary 
airflow into the chamber from the nozzle cavity. The basic RN-I, Study 
3 nozzle is scaled to be compatible with the 11-3/8 inch diameter imped-
ance tube using the same criteria as used in the design of the RN-I, 
Study 1, nozzle. The test nozzle of Study 3 is shown in Figure 13 with 
the secondary airflow injector positioned at a cavity depth of 24 inches. 
The location of the secondary airflow injector, which determines the 
cavity depth, can be varied in 8 inch increments from a position flush 
with the nozzle entrance plane to a position 24 inches aft of the nozzle 
entrance plane. This can be done by rearranging the location of the 
secondary airflow injector with respect to the 8 inch and 16 inch Inter-
changeable nozzle sections. 
The secondary airflow injector is a porous plate designed to 
provide a uniform secondary airflow into the nozzle cavity. The secon-
dary airflow injector has a high acoustic impedance which isolates the 
secondary airflow plenum chamber from the pressure oscillations in the 
chamber and nozzle cavity. The air supply for the secondary airflow is 
diverted from the main air supply at the muffler and piped into the 
•ir ¥.lc^ I n l e t . 
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ĉ 
secondary airflow plenum chamber. The stagnation pressures and tempera-
tures in the plenum chamber and the muffler are assumed to be the same 
and the ratio of secondary to primary airflows is determined by the ratio 
of the porosities of the respective injectors. 
One secondary airflow injector plate has been used for all the 
tests conducted in Study 3. The secondary airflow injector was initially 
tested at cavity depths of 0, 8, 16, and 24 inches with no orifices or 
zero porosity (i.e., in this case there was no secondary flow present). 
The orifices for the next higher secondary airflow rate (i.e., 5 percent 
of primary flow rate) were then machined, and the tests were repeated 
with cavity depths of 0, 8, 16, and 24 inches. This test sequence was 
repeated with secondary flow rates equal to 10, 15, 20, and 25 percent 
of the primary flow rate. 
Study 4: Dependence of Nozzle Damping upon 
Convergent Section Geometry 
To investigate the dependence of nozzle damping on the geometry 
of its convergent section, three nozzle configurations have been designed 
and tested. These are the conical, equal radii of curvature, and linear 
velocity profile nozzles shown in Figure 14. These nozzles were de-
signed for initial testing with a nozzle throat diameter which would 
provide a chamber Mach number of 0.05 and they were later remachined to 
provide a chamber Mach number of 0.10. The nozzles of this study were 
tested in the 11-3/8 inch diameter impedance tube. The convergent 
sections of all of the configurations are of equal length. 
Study 5: Damping Provided by Multiple-Nozzle Clusters 
The RN-II nozzle configuration shown in Figure 7 has four nozzle 
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the number of nozzles present in a multiple nozzle configuration on the 
damping capabilities of solid propellant rocket exhaust nozzles. 
Dimensional sketches of the quadruple-, dual-, and single-nozzle 
configurations used in Study 5 are presented in Figure 15. These nozzles 
were scaled for testing in the 11-3/8 inch diameter impedance tube with 
a chamber Mach number of 0.06. Unlike the RN-II nozzles tested in Study 
1, the Study 5 nozzles are aligned with the axis of the impedance tube. 
However, the basic geometric features of the nozzles tested in Study 1, 
such as entrance diameter, entrance lip radius, and throat diameter are 
duplicated in the design of the quadruple-nozzle cluster shown in Figure 
15a. The dual- and single-nozzle configurations shown in Figures 15b 
and 15c, respectively, are designed to maintain the same total area distri-
bution in the convergent sections as the quadruple-nozzle configuration. 
This ensures similar velocity distributions in the convergent sections 
of all the test nozzle configurations of Study 5. 
Instrumentation and Data Processing 
A diagram of the instrumentation system used to regulate, measure, 
and record the test conditions in the modified impedance tube is shown 
in Figure 16. The location and orientation of the instrumentation along 
the length of the impedance tubes are shown in Figures 4 and 5 for the 
7-5/8 inch and 11-3/8 inch diameter impedance tubes, respectively. 
The steady state pressure in the chamber and at the inlets to the 
drivers are established by monitoring two 12 inch Heise gauges and man-
ually setting the desired pressure levels to be maintained by the respec-
tive control valves. 
The two electropneumatic drivers which generate the desired pres-
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sure oscillations in the impedance tube are controlled by a sweep oscil-
lator (Spectral Dynamics Model SD-104 A-5). The pressure oscillations 
in the impedance tube are measured by ten pressure transducers (Photocon 
Model 403). The air temperature in the impedance tube is measured by 
two copper-constantan thermocouples. The dynamic pressure signals from 
the transducers and the outputs from the thermocouples are amplified and 
recorded on a tape recorder (Ampex Model FR-1300). The transducers have 
a dynamic range from 110 decibels to approximately 180 decibels and 
exhibit a flat frequency response over the range from 10 Hertz to 3,000 
Hertz. In addition to the output from the transducers and thermocouples, 
the signal from the sweep oscillator to the acoustic drivers is also 
recorded during the tests to be used as a reference frequency for data 
reduction. 
The analog data recorded on the tape recorder during each test are 
digitized by a 14-channel analog-to-digital conversion system (Radiation 
Corporation). The digitized data are processed on a computer (Univac 
1108) using a special computer program which uses a Fourier Analysis to 
compute the amplitudes and phases of the chamber pressure oscillations 
as a function of the driver input frequency. This program also computes 
the chamber air temperature data. Detailed description of the associated 
computer program is presented in Reference 24. The resulting pressure 
amplitudes and phases along with the temperature data are then used to 
determine the admittance parameters & and (3 and the real and imaginary 
parts of the nondimensional admittance y^ of the test nozzle. 
Test Procedures 
Before each test, the components of each dynamic pressure data 
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channel are calibrated by recording a known sinusoidal pressure signal 
from an acoustic calibrator (Whittaker Corporation Model PC-125) on the 
respective data channels of the analog tape recorder. This signal is 
used during data reduction as a reference pressure for the calibration 
of the pressure transducer, amplifier, and tape recorder channel which 
make up the data channel. The thermocouples measuring the impedance 
tube air temperature are calibrated by recording reference voltage out-
puts on the corresponding data channels of the tape recorder. 
At the beginning of a test, the high pressure regulator valves 
are set to maintain 300 psig pressure upstream of the main and driver 
control valves. The sweep generator, which controls the driver output 
waveform and frequency, is set to generate a sinusoidal signal at the 
low frequency limit of the frequency range. The driver flow control 
valve is then set to maintain 40 psi pressure differential across the 
drivers. Finally, the main flow control valve is set to automatically 
maintain a pressure level of 20 psig in the impedance tube throughout the 
test. 
After test conditions are established in the impedance tube, the 
recording of pressure and temperature data is initiated simultaneously 
with the start of the frequency sweep. The sweep oscillator maintains 
an 8 Hertz per second rate of change of the driver frequency from the 
initiation of the sweep until the upper limit of the test frequency range 
is reached. The test is concluded when the upper limit of the frequency 
sweep is reached. 
61 
CHAPTER IV 
RESULTS AND DISCUSSION 
Introduction 
This section will describe and discuss the results that have been 
obtained in this investigation. The results reported in this section 
were obtained by investigating the acoustic responses of geometrically 
similar small-scale nozzles, under cold flow conditions, over a range of 
frequencies whose wavelengths are equal to the wavelengths observed 
during axial instabilities inside typical rocket engines. 
Available test data^>-' indicate that rocket engines with nozzles 
similar to RN-I and RN-II experience axial instabilities in the range of 
frequencies between 120 Hertz to 1200 Hertz. Substituting this informa-
tion together with appropriate temperature data into Equation (2-37) 
leads to the conclusion that testing the small-scale nozzles over a 
range of frequencies between 40 Hertz and 600 Hertz will ensure that 
conditions during axial instabilities in the actual engines are duplicated 
in cold flow experiments. All the cold flow nozzle admittance data pre-
sented in this thesis were obtained in the above-mentioned frequency 
range. 
To establish the applicability of the chosen experimental tech-
niques and to assure the repeatability of the experimental data, each 
of the data reduction schemes discussed in Chapter II was checked by 
measuring the frequency dependence of the nozzle admittance on two dif-
ferent occasions. The results obtained in these tests are presented in 
Figures 17 and 18. The data presented in Figure 17 were obtained by 
measuring the standing wave pressure amplitudes along the modified 
impedance tube while the data shown in Figure 18 were obtained from 
pressure phase measurements along the length of the modified impedance 
tube. The mean square deviation between the two tests in the values of 
the admittance parameter a obtained by pressure amplitude measurements 
is 0.007 and between those obtained by pressure phase measurements is 
0.0046. In Figure 19, the admittance parameter a obtained from pressure 
amplitude measurements is compared with corresponding data obtained from 
pressure phase measurements. An examination of these figures indicates 
that both measurement techniques yield comparable data. However, these 
figures also illustrate that the admittance parameter a obtained from 
pressure amplitude measurements has more scatter than the corresponding 
data obtained from phase measurements. On the other hand, a similar 
series of tests have established that pressure amplitude measurements 
yield better data as far as the phase parameter ft is concerned. Hence, 
unless otherwise stated, the admittance data presented in this thesis 
will be based upon values of a obtained from pressure phase measurements 
and values of (3 obtained from pressure amplitude measurements. 
Study 1: RN-I and RN-II Small-Scale 
Nozzle Admittance Data 
To approximate the flow conditions during axial instabilities in 
rocket engines, the small-scale model of the RN-I nozzle was tested with 
a chamber Mach number of 0.08 and the small-scale model of the RN-II 
nozzle was tested with a chamber Mach number of 0.06 using the 11-3/8 
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mentioned frequency range in which the tested RN-I and RN-II nozzles 
satisfy the "short nozzle" approximation (i.e., 1 NA « 1). 
The RN-I and RN-II nozzle admittance data, measured in Study 1, 
are presented in Figures 20 and 21, respectively, as a function of the 
nondimensional frequency S, where 
2nfr 
S = - _ _ £ (4-1) 
c 
The figures pertaining to each of the nozzles include the measured values 
of the admittance parameters a and /3 as well as values of the real and 
imaginary parts of the nondimensional nozzle admittance y^. 
Examination of the measured data indicates that both nozzles ex-
hibit similar damping characteristics over the frequency range of this 
investigation. Figures 20 and 21 show that for both nozzles, the values 
of the admittance parameter a, that describes the amplitude attenuation 
provided by the nozzles, are very small and practically independent of 
frequency. The same figures show that the measured values of the admit-
tance parameter /3, that describes the phase shift between the incident 
and reflected pressure waves at the nozzle entrance, are also practically 
independent of frequency and their magnitudes are close to +. 0.50. How-
ever, a closer examination of the measured values of (3 indicates that 
the RN-II nozzle causes a larger phase shift, between the incident and 
reflected pressure waves, than the RN-I nozzle. This effect is probably 
caused by the more complex geometry of each of the nozzles that form the 
cluster of the RN-II nozzles as well as the non-uniformities of the flow 
field upstream of the nozzle entrance. This larger phase shift indicates 
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that the RN-II nozzle configuration "appears7' to the oscillations in the 
chamber as being "longer" than the RN-I nozzle. 
It should be pointed out that if the nozzle entrance plane was 
replaced by a solid wall then the resulting values of a and /3 would be 
0.0 and 0.5, respectively. The closeness of the measured values of a 
and /3, for both nozzles, to 0.0 and 0.5 suggests that the admittances 
of each of these nozzles is close to that of a solid wall. The mea-
sured low values of a indicate that an incident pressure wave loses 
little energy when it impinges upon the nozzle entrance plane and the 
closeness of the measured values of )S to 0.5 implies that an incident 
pressure wave almost reflects instantaneously at the nozzle entrance 
plane. It is interesting to note that in the case when there is no 
mean flow in the impedance tube and when the nozzle is replaced by a 
solid wall, the velocity and pressure oscillations are 90 out of phase 
and as a result there is no mean acoustic energy radiation through the 
chamber or through the solid boundary. The data measured in the present 
series of experiments show that the solid wall boundary condition is 
only slightly modified when models of the nozzles tested in this study 
are present at the end of a rocket chamber. This observation suggests 
that the condition of no acoustic energy radiation, that holds for the 
rigid wall boundary condition, is only slightly modified when these 
nozzles are present in a system. The closeness of the measured nozzle 
admittances to the solid wall admittance suggests that the RN-I and RN-II 
nozzles remove little acoustic energy from the chamber and thus provide 
little damping for axial instabilities. 
The measured values of a and /3 were substituted into Equations 
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(2-10) and (2-11) and the resulting values of the admittances, for both 
the RN-I and RN-II nozzles, are also plotted in Figures 20 and 21, 
respectively. These figures show that (a) these nozzle admittances are 
practically independent of frequency and (b) both the real and imaginary 
parts of the nondimensional admittances are small numbers. These re-
sults further support the conclusion that over the tested frequency 
range, the small-scale models of the RN-I and RN-II exhaust nozzles pro-
vide little damping for longitudinal mode instabilities in rocket engines. 
The measured admittance data will now be compared with available 
6 7 theoretical predictions » for the admittance of short nozzles. As 
stated in Chapter II, the results of the short nozzle theory are based 
upon the assumption that the length of the convergent section of the 
nozzle is much shorter than the wavelength of the oscillation. Under 
this restriction, the flow in the nozzle is expected to respond instan-
taneously to any changes in flow properties taking place at the nozzle 
entrance. Consequently, such nozzles are expected to behave in a quasi-
steady manner. The short nozzle theory predicts (see Equation (2-36)) 
that the admittance of a short nozzle is a real number whose magnitude 
depends upon the properties of the gas and the magnitude of the Mach 
number at the nozzle entrance. If the predictions of the short nozzle 
theory are correct, then the measured admittances of such nozzles should 
be independent of frequency and they should have no imaginary part (i.e., 
such nozzles will cause no phase change between the incident and re-
flected pressure waves at the nozzle entrance). Since the test con-
ditions and geometries of the tested models of the RN-I and RN-II nozzles 
satisfy the assumptions of the short nozzle theory, a comparison of the 
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test results with the prediction of this theory is warranted. 
To check the applicability of the short nozzle theory » , the 
predicted values of the real and imaginary parts of the nondimensional 
nozzle admittance yN obtained from Equation (2-36) are compared with the 
measured admittance data of the tested small-scale RN-I and RN-II nozzles. 
The theoretically predicted admittance data for 7 equal to 1.4 and the 
corresponding experimental data are summarized in Table 1. 
An examination of the data of Table 1 and the data presented in 
Figures 20 and 21 leads one to conclude that both RN-I and RN-II nozzles 
behave like short nozzles in the sense that their admittances are inde-
pendent of the frequency. However, the experimentally determined values 
of the real and imaginary parts of the nondimensional admittances are 
larger than the corresponding theoretical predictions. 
Another parameter that is of interest in solid propellant rocket 
combustion instability studies is the nozzle decay coefficient a that 
provides a measure of the damping of a pressure oscillation in the 
chamber when the nozzle is the only means for transferring wave energy 
into or out of the system. Formulae for evaluating a using the experi-
mentally determined admittance data are provided in Chapter II and In 
Appendix B of this thesis. The corresponding theoretical expression for 
the nozzle decay coefficient, (a) , can be obtained by manipulating 
Equations (2-8), (2-31) and (2-36); that is, 
A ) = JL± = _ iy+ i \ M (4-2) 
N/ r V 2 
t 
Letting y = 1.4 and using the RN-I and RN-II test Mach numbers in Equation 
Table 1 . Study 1: Summary of the RN-I and RN-II Nozzle Admittance Data 
Nozzle Chamber Experimental Data Theoretical Dai:, base! 
Mach en Short I.rozzle Theory 
RN-II 0.06 0.012 0.1+80 0.033 0.0c3 -0.097 0.012 0.00 -0.072 
RN-I 0.03 O.Qlh iOA-95 0.0*4* ±0-016 -0.123 0.016 0.00 -O.O96 
Orifice-
nozzle 0.06 0.012 -O.U9O O.O38 -0.031 -0.C97 0.012 0.00 -0.072 
Orifice-
nozzle 0.08 0.012 -O.435 O.O38 -0.047 -0.118 0.016 0.00 -0.096 
(4-2), the theoretically predicted values of A were calculated and they 
are also presented in Table 1 along with corresponding values of AN deter-
mined by using experimental admittance data. 
A comparison of the theoretically predicted and experimentally 
determined values of the nondimensional nozzle decay coefficients shows 
that the experimentally determined values are larger than the correspond-
ing theoretical predictions. These data also indicate that the RN-I 
nozzle provides more damping than the RN-11 nozzle; a result that is proba-
bly due to the higher mean flow Mach number at the RN-I nozzle entrance. 
In this connection it should be pointed out that both the theoretical and 
experimental predictions indicate that the nozzle decay coefficient increases 
with an increase in the magnitude of the mean flow Mach number at the nozzle 
entrance. 
An additional check on the applicability of short nozzle theory was 
carried out by measuring the admittances of sharp-edged orifices drilled in 
a flat plate. In this study, two such orifice-nozzles were tested in the 
11-3/8 inch diameter impedance tube at chamber Mach numbers of 0.06 and 0.08, 
respectively. The measured admittance data of these configurations were 
found to be practically independent of the frequency. This data is also 
presented in Table 1 where it is compared with the admittances of the RN-I 
and RN-II nozzles. An examination of this data provides further support to 
the observation that the short nozzle theory underestimates the damping pro-
vided by short nozzles. 
In this section an attempt will be made to qualitatively explain 
the observed differences between the theoretically-predicted and experi-
mentally-measured admittance data of short nozzles. An examination, for 
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example, of Figure 8, indicates that the manner in which the tested short 
nozzles are attached to the combustor gives rise to a step at the nozzle 
entrance plane. This step results in the flow stream separating from the 
chamber walls, at some location upstream of the nozzle entrance. When this 
occurs there exists a region, having nonuniformities in the steady state 
properties of the gas medium, separating the upstream uniform flow and the 
nozzle entrance plane. Hence, intuitively, the measured nozzle admittance 
of such a configuration must be influenced by both the nozzle and the non-
uniform flow region. However, in theoretical analyses ' of short-nozzle 
admittances the wave-energy loss due to dissipative processes present in 
the region just upstream of the nozzle entrance is neglected and the flow 
is assumed to be isoenergetic and isentropic everywhere in the flow field. 
Consequently, the predicted damping data accounts for damping provided by 
the nozzle only. When the damping provided by the short nozzle is very 
small (particularly, this would be so at low chamber Mach numbers) the 
damping provided by the nonuniform region may be of the same order of mag-
nitude as the nozzle damping and thus possibly account for the observed 
difference between the predicted and measured short nozzle damping data. 
2 5 Marble in a recent analysis of the response of short nozzles subject to 
one-dimensional disturbances considered the presence of entropy waves. 
For this situation, Marble has shown that the theoretical nondimensional 
nozzle admittance takes on the following form: 
„ = (y- As + I
 ( S I / C P ) 5 (4-3) 
yN ^ 2 / " + 2 (Pl/rp) 
where s-, is the entropy perturbation. In view of the above remarks, a 
comparison of the above equation with Equation (2-36) suggests that the 
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1 ^l/'V 
term ~ ~, ;—^r M is a measure of the damping; provided by the nonuniform 
2 (p-j/yp) r 7 
region present upstream of the nozzle entrance. 
The experimentally determined nozzle decay coefficients of the 
nozzles tested in this study will now be compared with the available data 
9 10 
published in literature. According to Buffum et al. ' , who determined 
nozzle acoustic losses by use of the steady state resonant method as well 
as the pressure decay method, the nondimensional nozzle decay coefficient 
for longitudinal instabilities in a cylindrical chamber is given by the 
following empirical relationship: 
% ) E " -
 J <*"*> 
where J = S.u t/S u v . According to Equation (2-33) and the data throat chamber & M \ / 
presented in Table 1, the nondimensional nozzle decay coefficients for 
cylindrical chambers outfitted with the RN-II and RN-I nozzles are 
RN-II nozzle (M = 0.06): (AN) = ~ (0.58 + Q^M )j = -0.947J 
(4-5) 
RN-I nozzle (M = 0.08): ( A N J = - (0.58 + ^ ^ — )J = -0.90J 
On the other hand, using Equations (2-32) and (4-2) yields the following 
expression for the theoretical nondimensional short nozzle decay coeffi-
cient : 
A I = - 0.69J (4-6) 
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A comparison of the formulae presented in Equations (4-4) through 
(4-6) shows a good agreement between the two experimental sets of data and 
considerable difference between the experimental and theoretical results. 
This comparison indicates that the available short nozzle theory underesti-
mates the damping provided by short nozzles. It is also interesting to note 
that the good agreement between the experimental data was obtained in spite 
of the fact that the tested nozzles had considerably different geometries. 
This observation suggests that the damping provided by short nozzles is 
almost independent of the geometrical details of the nozzle designs and 
primarily depends upon the nozzle area ratio J. If the latter observation 
is indeed correct, then the evaluation and prediction of the damping provided 
by short nozzles of various geometrical designs will be considerably simpli-
fied. 
The main conclusion of this study is that short exhaust nozzles 
provide little damping for axial instabilities. The measured admittances 
are independent of the frequency and they are larger than the admittances 
predicted by the short nozzle theory. Since longitudinal oscillations are 
independent of the shape of the cross section of the duct in which the 
oscillations are occurring, then it is quite plausible that the empirical 
results presented in Equation (4-5) are also applicable to real engines 
experiencing axial instabilities. 
Study 2: Scaling of Nozzle Admittance Data 
This study was designed to determine whether reliable nozzle admit-
tance data may be obtained from cold flow, small-scale experiments. For 
this purpose, the tests conducted in Study 1 were repeated with the smaller 
of the two impedance tubes and the nozzles described in Chapter III. If 
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the previously stated scaling criteria (see the discussion in Chapter II) 
hold, then the tests conducted under Study 1 and Study 2 should yield com-
parable data. 
The results obtained during the Study 2 investigation are presented 
in Figures 22 and 23. Examination of the data presented in these figures 
shows that, as in Study 1, the experimentally determined Study 2 admittance 
data are independent of the frequency and that the magnitudes of both the 
real and imaginary parts of the nondimensional admittance for the Study 2 
nozzles are small. The experimentally determined admittance data of Study 
2 are summarized in Table 2. 
A comparison of the Study 2 data, presented in Figures 22 and 23 
and summarized in Table 2, with the Study 1 data, presented in Figures 20 
and 21 and summarized in Table 1, shows a good agreement between the two 
sets of data. This good agreement between Studies 1 and 2 data supports 
the assertion that the damping of axial instabilities by short nozzles can 
be determined by investigating the behavior of geometrically similar small-
scale versions of the actual nozzles. It remains, however, to prove that 
the nozzle admittance data measured under cold flow conditions is also 
applicable to real engine operating conditions where the gases are consid-
erably hotter than the air used for testing in this program. Investigation 
of this point would require the repetition of the Study 1 or Study 2 tests 
at elevated temperatures. The high temperature experiments were not 
attempted in this investigation. 
To investigate whether, in general, reliable nozzle admittance data 
can be obtained by investigating the behavior of a geometrically similar 
small-scale model of the actual nozzle, the admittances of the nozzle shown 
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a P r Tl \ 
RN-II 0.06 0.010 0.U85 0.032 0.0V7 -0 .091 
RN-I 0.08 O.OI5 ±0.2*95 0.0̂ -7 ±0.016 -0.126 
so 
in Figure 12 were measured and compared with available admittances 
15,18 
of a geometrically similar larger nozzle. It has been shown by Bell 
that the magnitudes and the frequency dependence of the admittance of I he 
nozzle geometrically similar to the one shown in Figure 12 are entirely 
different than the magnitudes and frequency dependences of the RN-I and 
RN-II nozzles. In studies by Bell, this nozzle was tested in the 11-3/8 
inch diameter impedance tube while in the present study this nozzle was 
tested in the 7-5/8 inch diameter impedance tube. In this connection it 
should also be pointed out that Bell's experimental admittance data w n e 
found to be in good agreement with the predicted admittances obtained 
5 
using Crocco's nozzle admittance theory. 
The measured frequency dependence of the real and imaginary pares 
of the nondimensional admittance y of the nozzle configuration of Figure 
12 is presented in Figure 24. For comparison purposes the data of Refer-
ence 15 is also presented in this figure. Examination of this figure 
indicates that the two sets of experimental data do not quite agree with 
one another. A closer examination of this figure further indicates that 
while the two sets of data are similar in magnitudes and shapes, there1 is 
also a slight frequency shift between them. For example, the maximum 
value of r obtained during the present investigation occurs at S = 0.99 
while the corresponding peak in the data presented in Reference 15 occurs 
at S = 0.91, indicating a frequency shift of 0.08. 
In an effort to explain the observed frequency shift, the possi-
bility of errors in the measured temperature, the calibration of the 
transducer systems, and the scaling procedures were investigated. When 
these checks produced no errors, the small-scale nozzle was measured to 
O Small-Scale Nozzle Experimental Data 
< Experimental Data (Reference 15) 
Crocco's Theory (Reference 15) 
>.0 O.k ' 0 . 8 1.2 1.6 2.r-
s 
2'f. A d m i t t a n c e Data of t h e S m a l l - S c a l e 1J?° "Long"Wozzl€ 
8?. 
check whether it had been machined according to specifications. Referring 
back to Figure 12 it can be seen that the length of the convergent section 
of the nozzle is required to be 9.93 inches. For some unexplainable reasons, 
the small-scale nozzle had been machined with the length of the convergent 
section of the nozzle measuring 9.13 inches. It will now be shown that 
this discrepancy in the actual nozzle length is the cause for the observed 
frequency shift in the measured admittance data. 
In Chapter II of this thesis Crocco's analysis was used to show how 
the admittance data of a reference nozzle can be employed to determine the 
admittances of a "family" of nozzles obtained by a linear "contraction" or 
"stretching" of the reference nozzle. It follows from this discussion that 
the admittances (yXT)„ of the nozzle illustrated in Figure 12 (z„ - 9.93 
;N f & f 
inches) can be obtained from the measured admittances (yXT) r by consider-
M ref 
ing the nozzle of Figure 12 as a "stretched" version of the tested nozzle 
(z r. = 9.13 inches). Using Equation (2-34) and the lengths of the refer-
ence and "stretched" nozzles, it can be shown that the scale factor o that 
is associated with the "stretched" nozzle equals 1.09. Using Equation 
(2-35) the admittance data of the scaled nozzle illustrated in Figure 12 
is given by 
[<V£]S - [<*>rJ8.s r 
f
t) O ref 
where 
S f - S r e f _ / „ (4-8) 
To illustrate the use of Equations (4-7) and (4-8) the frequency at which 
the real part of the nondimensional admittance of the "stretched" nozzle 
0 
is a maximum will be calculated. It is shown in Figure 24 that the 
corresponding maximum for the "reference" nozzle occurs at S r ~ 0.99. 
ref 
Using the scale factor the maximum value in T for the "stretched" nozzle 
occurs at Sf = 0.99/1.09 = 0.91. As mentioned earlier in this discussion 
this was the frequency at which the maximum value in T was observed in 
Reference 15. Equation (4-8) can be rewritten as 
S _ - S = G ~ 1 S , (4-9) 
ref f o ref 
With cr= 1.09, Equation (4-9) reduces to (S , - S j = 0.0825S r. This ^ v ref f ref 
is the frequency correction that needs to be applied to the measured 
admittance data in order to obtain the admittance data of the "stretched" 
nozzle. Applying the above-mentioned frequency correction to the measured 
data presented in Figure 24, the admittance data of the "stretched" nozzle 
was obtained and is presented in Figure 25. An examination of this fig-
ure indicates that the admittance data of the "stretched" nozzle is in 
good agreement with the corresponding data of Reference 15. As mentioned 
earlier, the "stretched" nozzle is the one which is geometrically similar 
to the nozzle tested in Reference 15. 
The main conclusion of this study is that the damping of axial 
instabilities by "short" and "long" full-scale nozzles can be investi-
gated by experimentally investigating the behavior of geometrically simi-
lar small-scale nozzles. 
Study 3: Dependence of Nozzle Damping upon Cavity 
Depth and Secondary Flow Rate 
Prior to ignition, the cavity surrounding a submerged nozzle in a 
rocket engine is almost completely filled with solid propellant (see Figure 
6). After ignition, the surface of the burning solid propellant recesses 
m 
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inward resulting in an increase with time of the volume and depth of the 
cavity surrounding the nozzle, and the flow rate of hot gases issuing from 
this cavity. Study 3 was designed to determine the effects of these 
changes upon the damping capabilities of the RN-I nozzle. To achieve 
this objective, the damping provided by the RN-I nozzle was measured with 
cavities of different depths surrounding the RN-I nozzle and with differ-
ent flow rates of secondary flow issuing from this cavity. Detailed 
description of the experimental setup used in Study 3 investigation is 
provided in Chapter III. 
To determine the dependence of the RN-I nozzle damping upon the 
desired range of parameters, tests with cavity depths varying between 
zero to 24 inches and secondary-to-primary flow rate ratios varying 
between zero and 25 percent were conducted under the Study 3 test program. 
The needed admittance data were obtained from pressure amplitude measure-
ments and the significant results of this study are presented in Table 3; 
only the data required for discussing the observed experimental results 
are graphically presented in this section. However, before presenting the 
results of Study 3, some comments regarding the special geometrical fea-
tures of the tested configuration are in order. The situation can be best 
explained by referring to Figure 13 and considering the unsteady flow con-
ditions at the nozzle entrance plane. When a plane wave generated inside 
the modified impedance tube reaches the nozzle entrance plane it "splits" 
into two waves with one of them moving into the centrally-located nozzle 
and the other moving into the surrounding cavity. As a result, the local 
flow conditions at the nozzle entrance plane are non-uniform and the flow 
there cannot be one-dimensional. This situation is contrary to the pre-
viously used assumption that the flow at the nozzle entrance is one-
dimensional. Since the frequencies tested in this program are below the 
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cutoff frequencies of the transverse modes, the above-mentioned non-
uniformities are "concentrated" around the nozzle entrance plane and they 
cannot propagate in the upstream direction. Keeping these facts in mind, 
the admittances measured in this study should be interpreted as effective 
admittances that describe average conditions across the nozzle entrance 
plane. Stated differently, the admittances measured in this study are the 
effective one-dimensional nozzle admittances as "seen" by the one-dimen-
sional waves inside the modified impedance tube. 
The dependence of the admittance parameters a and /3 and the real 
and imaginary parts of the nondimensional admittance upon the cavity 
depth is presented in Figure 26. The dependence of the RN-I nozzle admit-
tance upon the cavity-to-chamber flow rate ratio is presented in Figures 
27 and 28. 
In examining the tabulated Study 3 data, one should note that the 
Mach number of the primary flow M slightly decreases as the ratio of the 
secondary-to-primary flow rate increases. This is caused by the fact that 
part of the flow exhausted by the nozzle Is supplied by the secondary flow 
issuing from the cavity. The resulting mean flow Mach number in the cham-
ber is determined by computing the increase in the main chamber cross-
sectional area that would be necessary in order to accommodate both the 
secondary and primary flow rates. 
Examination of the measured values of the admittance parameter a, 
which reflects the change in amplitude between the incident and reflected 
pressure waves, shows that a is practically Independent of frequency and 
that its average value is close to the average values of a measured in 
Study 1. A closer examination of Study 3 data seems to suggest that the 
O No Cavil y Cavity A 2V Cavity 
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Figure 26. Effect of Nozzle Cavity Depth ; r: 
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value of a slightly increases with increase in cavity depth. This increase 
in a can perhaps be explained by the higher wave attenuation caused by 
the longer wave travel distances that are associated with the deeper cavi-
ties . 
Examination of the measured values of the admittance parameter $ 
indicates that the magnitude of /3 is strongly affected by the depth of 
the cavity surrounding the nozzle. According to Equation (2-7), the 
parameter /3 describes the phase difference at the nozzle entrance plane 
between the incident and the reflected pressure waves. When /3 is iden-
tically zero, the phase Q between the incident and reflected pressure 
waves equals to IT radians. Such a phase difference is known to exist at 
the opening of a quarter-wave tube when the ratio of the tube length to 
the wavelength of the oscillation equals 0.25, 0.75, 1.25, and so on. To 
check whether the cavity surrounding the nozzle acts as a quarter-wave 
tube, the following relationship was used to compute the ratio of the 
cavity depth to the wavelength when the measured values of /S were iden-
tically zero: 
cavity cavity 
A ~ (277-rc/S) (4-10) 
The values of S for which |3 = 0 and the corresponding values of the ratio 
L . /A are presented in Table 3. The closeness of the computed values 
cavity 
of L /A to 0.25 and 0.75 provides a strong support to the coniecture 
cavity 
that at the indicated frequencies the cavity surrounding the nozzle 
indeed behaves as a quarter-wave tube. 
Examination of the results presented in Figures 26 through 28 shows 
j 6 
that the admittance y^ at the nozzle entrance plane is practically inde-
pendent of the cavity flow rate. These figures also indicate that the 
behavior of the measured admittance ratio is strongly dependent upon the 
depth of the cavity surrounding the nozzle. The latter observation is 
directly related to the strong dependence of the admittance parameter /3 
upon the depth of the cavity surrounding the nozzle. It is also of inter-
est to analyze the behavior of T, the measured real part of the nondimen-
sional nozzle admittance. Examination of the data reveals that ]. becomes 
very large at values of the nondimensional frequency S for which 13 = 0. 
In trying to explain this behavior one should recall the definition of the 
admittance (i.e., see Equation (2-1)) and examine the structure of the 
acoustic wave in the chamber and the cavity. At frequencies for which the 
measured value of /3 is zero, the cavity acts as a quarter-wave tube and the 
amplitude of the longitudinal pressure oscillation has a minimum value at 
the nozzle entrance plane. The larger values of Y are caused by the 
E 
fact that the value of I' is inversely proportional to the pressure ampli-
tude. 
In connection with the above observation it should also be pointed 
out that it would be misleading to conclude that the nozzle attenuation 
coefficient a is very large whenever T is very large. If one examines 
Equation (2-23), one can see that a„ is proportional to the product 
|Pvr j ReJY |, and due to the smallness of pressure amplitude |P | this 
product will be finite even though ReJY [ is a very large number. In 
addition, the results presented in the Appendix B illustrate that a is t f ft- N 
proportional to the admittance parameter a, which is practically indepen-
dent of the frequency according to all of the Study 3 data; hence the a 
of the submerged RN-1 nozzle is also practically independent of the fre-
quency. The above observations are meant to sound a word of caution to 
those who use the real part of the admittance of a surface as the sole 
criterion for determining the influence of this surface upon the stability 
of the system under consideration. To obtain a proper evaluation of the 
influence of a given boundary upon system stability, one must consider 
the magnitudes of both the real part of the admittance as well as the 
square of the pressure amplitude at the location under consideration; the 
product of these two quantities must be finite. This discussion might 
also suggest that the use of admittances in the study of combustion insta-
bility problems might be misleading and should perhaps be eliminated. 
It should be pointed out that Equation (2-29) cannot be employed 
to determine the decay coefficient a of the submerged nozzle configura-
tion. This can be explained by referring to Figure 13 and considering 
the steady flow directions at the nozzle entrance plane. The secondary 
air flow from the cavity is flowing in a direction opposite to that of 
the primary chamber air flow and hence is "convecting" acoustic energy 
from the cavity to the chamber. Equation (2-29) was derived from Equa-
tion (2-20) based on the assumption that all the flow in the nozzle 
entrance plane was unidirectional. The decay coefficient for a combustor 
with a submerged nozzle can be obtained from the measured admittance data 
and Equation (2-20) by suitably taking into consideration the steady flow 
directions at the nozzle entrance plane before performing the indicated 
spatial integration (see Appendix B for details). 
The conclusions that follow from this study are (a) during axial 
instabilities in a rocket engine with a submerged nozzle there is wave 
98 
motion in both the combustor and the cavity surrounding the submerged 
nozzle, (b) the depth of the cavity surrounding the submerged nozzle 
has a significant effect upon the measured nozzle admittance, and (c) 
the secondary flow rates issuing from the submerged nozzle cavity have 
negligible effect on the nozzle admittance. Good judgment should be 
exercised when using the real part of the nozzle admittance to evaluate 
the effect of the surface in question upon engine stability. Finally, 
steady flow directions at the nozzle entrance plane should be suitably 
taken into consideration while calculating the decay coefficient for a 
combustor with a submerged nozzle. 
Study 4: Dependence of Nozzle Damping upon Convergent 
Section Geometry 
The acoustic losses associated with a rocket nozzle of a given 
contraction ratio depend upon the geometry of the nozzle convergent sec-
tion and the manner in which the nozzle is attached to the combustor. 
This study was undertaken to determine the dependence of the damping of 
solid rocket nozzles upon the geometry of the nozzle convergent section. 
To determine this geometrical effect, the damping provided by a conical 
nozzle, an equal-radii-of-curvature nozzle and a linear-velocity-profile 
nozzle was measured. Descriptions of the nozzles tested in this study 
are given in Chapter III. The nozzles were initially tested with a Mach 
number of 0.05 in the impedance tube and they were later remachined and 
tested with a chamber Mach number of 0.10. 
The nozzle admittance data measured in this study are presented 
in Figures 29 through 34. The figures pertaining to each of the nozzles 
include the frequency dependence of the measured admittance parameters 
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nondimensional admittance y . 
In order to assess the effect of the convergent section geometry 
on the damping effectiveness of the tested nozzles, the data presented in 
Figures 29 through 34 have been replotted for comparison in Figure 35 
for chamber Mach number of 0.05 and in Figure 36 for chamber Mach number 
of 0.10. Using the measured values of the admittance parameter a and 
Figure 51, which is based on Equation (2-29), the nondimensional decay 
coefficients A N for the Study 4 nozzles were calculated and the results 
are plotted in Figure 37. An examination of the measured values of a 
and r and the calculated values of A N (i.e., Figures 35 through 37) leads 
to the following observations. At a given chamber Mach number all the 
three nozzle configurations provide approximately the same damping for 
axial instabilities in the low frequency range. For nondimensional fre-
quencies S greater than approximately 1.0 the difference in the damping 
capabilities of the three nozzle configurations becomes apparent. For a 
given nozzle entrance Mach number the conical nozzle provides more damp-
ing than the equal-radii-of-curvature nozzle which provides more damping 
than the linear-velocity-profile nozzle. 
Examination of the measured values of j3 and Tf indicates that the 
conical nozzle causes a larger phase shift at the nozzle entrance, 
between the incident and reflected pressure waves, than the equal-radii-
of-curvature nozzle which produces a larger phase shift than the linear-
velocity-profile nozzle. These differences in phase shift indicate that 
the conical nozzle "appears" to the oscillations in the chamber as being 
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It is to be noted that the nozzle admittance data measured in this 
study are frequency dependent, which is contrary to the predictions of 
the short nozzle theory. As mentioned earlier, during the discussion of 
the Study 1 data, this conclusion is related to the assumption requiring 
that the length of the convergent section of the nozzle be much shorter 
than the wavelength of the oscillation. In the case of all the nozzles 
tested in this task, the length L of the convergent section is 3.57 
inches; and, therefore, at higher frequencies the basic assumption of the 
short nozzle theory is no longer satisfied. 
A further examination of Figure 37 indicates that the behavior of 
log A exhibits two distinct trends depending upon the value of the non-
dimensional frequency S; the transition between these trends occurs at a 
value of S between 1.0 and 1.2. When S equals 1.0 the wavelength of the 
oscillation in the impedance tube approximately equals to 36 inches. By 
taking the ratio of the length of the convergent section of the nozzles 
tested in this task to the above value of A., one obtains 
LN 
- y ~ 0 . 1 (4-11) 
In light of the above discussion and from an examination of the data 
presented in Figures 35 through 37 it appears that the admittances of 
nozzles tested in this task are practically independent of the frequency 
when the condition L /A < 0.1 is satisfied. The frequency dependence 
of the admittance data becomes prominent when L /A > 0.1. 
In order to assess the effect of the Mach number on the damping 
capabilities of the nozzles tested in this task, the admittance data for 
the conical nozzle, presented in Figures 29 and 30 were replotted in Fig-
ure 38. An examination of this figure indicates that increasing the Mach 
number from 0.05 to 0.10 has little effect on the values of the a and F 
for all values of S less than approximately 1.0 (or L^/A < 0.1). For 
values of S greater than 1.0 (or L /A > 0.1), an increase in the Mach 
number from .05 to 0.1 results in a small increase in values of a and l\ 
The above observations regarding the effect of increasing the mean flow 
Mach number on the damping of the conical nozzle also apply to the equal-
radii-of-curvature and the linear-velocity-profile nozzles. These results 
seem to indicate that the admittances of solid rocket nozzles may be 
practically independent of the mean flow Mach number for values of 
L^/A < 0.1. On the other hand the magnitudes of a and T slightly increase 
with increase in Mach number for all values of L^T/A > 0.1. 
To facilitate the use of the measured Study A data in the design 
of solid rockets, rational functions were used to derive empirical rela-
tionships that describe the frequency dependence of the nondimensional 
decay coefficient A . The derived empirical expressions are presented 
in Table 4. The error associated with these relations, when compared 
with the data of Figure 37, is between 2 to 5 percent. 
Next, the results obtained in this study will be compared with 
trends predicted in a related theoretical study. In the GEMSIP pro-
gram, Crocco's nozzle admittance theory was used to predict the sta-
bility of several identical combustors attached to nozzles with differ-
ent geometries. The GEMSIP study also investigated the acoustic energy 
losses associated with conical, equal-radii-of-curvature, and linear-
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Table 4. Study k; Empirical Relations for A 
Nozzle M = 0.05 M = 0.10 
Linear-Velocity- 5-1 _ 9-6 + I.5S 
Profile " 100 - 38s 100 - 30S 
Equal-Radii-of- ^.k + 0 6S 10•+ 1.2S 
Curvature ~ 100 - 38S 100 - 3?0 
Conical 5-8 + O.58S H - 5 
100 - 37s 100 - U23 
experimental data measured in this investigation. The entrance diameters 
of the nozzles investigated in Reference 26 were equal to the combustor 
diameter and the lengths of their convergent sections were all equal to 
7.5 inches. Using the scaling rules presented in Chapter II and consid-
ering the nozzles studied in the GEMSIP program as "reference" nozzles 
(for which z n = 7.5 inches), the theoretical admittances of the conical, ref 
equal-radii-of-curvature, and linear-velocity-profile nozzles (for which 
z^ = 3.57 inches) tested in Study 4 were obtained by considering them as 
"contracted" versions of the "reference" nozzles. The GEMSIP admittance 
data along with the admittance data for the "contracted" nozzles are pre-
sented in Figure 39. Though the lengths of the convergent sections of the 
"contracted" nozzles are now the same as those of the nozzles of Study 4, 
it should be borne in mind that the nozzles tested in Study 4 did not 
connect smoothly with the impedance tube; as shown in Figure 14 there was 
a step between the impedance tube and the nozzle entrance. The presence of 
such a step was not considered in the computations of Reference 26. An 
examination of the data presented in Figures 35, 36 and 39 indicates that 
the test frequency range of the Study 4 nozzles and the frequency range 
of interest in Reference 26 do not completely overlap each other. It can 
be observed that where these two frequency ranges overlap there is a quali-
tative agreement between the observed and predicted trends in the imaginary 
part of the nondimensional admittance V. However, no such agreement is 
indicated in the trends of the real part of the nondimensional admittance 
r. Unfortunately, due to the limited extent of frequency overlap, it is 
not possible at this time to generalize the above statement to the entire 
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Figure 39. GEMSIP Admittance Data. 
The main conclusion of this study is that the conical nozzle pro-
vides more damping than the equal-radii-of-curvature nozzle which in turn 
provides more damping than the linear-velocity-profile nozzle. Based on 
this conclusion it appears that for a given solid rocket nozzle with 
fixed values of entrance diameter, throat diameter and length of the 
convergent section the damping capability of the nozzle can be increased 
by suitably redesigning the geometry of its convergent section. Finally, 
it appears that the admittances of solid rocket nozzles are "weakly" 
dependent upon the frequency and chamber Mach number for values of 
L /A < 0.1 and they both increase with frequency and Mach number for 
larger values of the above-mentioned ratio. 
Study 5: Damping Capabilities of Multiple-Nozzle Clusters 
This study was undertaken to investigate the dependence of damping 
provided by multiple-nozzle clusters upon the number of nozzles present in 
the nozzle cluster. For this purpose tests were conducted using single-, 
dual-, and quadruple-nozzle configurations. The nozzles tested in this 
study are described in Chapter III. All the tested nozzle configurations 
were designed to maintain equal cross-sectional area distributions which 
in turn ensure similar velocity distributions in their convergent sec-
tions. In addition, the convergent sections of all of the tested nozzle 
configurations are of equal length. These nozzles were tested with a 
chamber Mach number of 0.06. 
The admittance data were obtained from pressure amplitude measure-
ments and the data are presented in Figures 40 through 42. The data 
pertaining to each of the nozzles include the frequency dependence of 
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real and imaginary parts of the nondimensional admittance y . 
To evaluate the relative damping capabilities of these three 
nozzles, the data presented in Figures 40 through 42 is compared in Fig-
ure 43. Employing the measured values of the admittance parameter a and 
Figure 51 of the Appendix B the nondimensional decay coefficients of the 
Study 5 nozzles were also calculated and the results are presented in 
Figure 44. An examination of the measured values of a and T and the 
calculated values of A indicates that the quadruple-ported nozzle pro-
vides less damping for axial instabilities than the single- and dual-
ported nozzles. The difference in the damping capabilities of these 
three nozzle configurations is particularly apparent at nondimensional 
frequencies, S, larger than 1.0. It is also noted from these figures 
that the single- and dual-ported nozzles provide approximately the same 
damping. Examination of the measured values of /3 and T) indicates that 
all of the three nozzle configurations result in approximately the same 
phase shift, at the nozzle entrance, between the incident and reflected 
pressure waves. 
It should also be pointed out that, similar to the observations 
of Study 4, the nozzle admittance data measured in this task are also 
frequency dependent. The lengths of the convergent sections of the 
nozzles tested in Study 5 are all the same and they equal 4.63 inches. 
Using this length, it can be shown that at high frequencies the basic 
assumption of the short nozzle theory (i.e., L /\ << 1) is no longer 
satisfied. Further examination of Figure 44 indicates that the nature 
of the frequency dependence of the admittance data of the Study 5 nozzles 
changes at a value of S between 0.9 and 1.2. This value of S corresponds 
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Figure kk. Frequency Dependence of Multip'J e-Nozzle 
Cluster Decay-Coefficients. 
to a wavelength satisfying the condition L /A ~ 0.1. As was found in 
the analysis of the Study 4 data, an analysis of the Study 5 admittance 
data indicates that the measured admittances are "weakly" dependent on 
the frequency for all values of L /A < 0.1 and they become dependent for 
larger values of this ratio. 
As was done in Study 4, rational functions were used to derive 
empirical relations that describe the frequency dependence of the non-
dimensional decay coefficient A of the Study 5 nozzles. These empirical 
relations are presented in Table 5. 
The main conclusion of this study is that the quadruple-ported 
nozzle provides less damping for axial instabilities than the single-
and dual-ported nozzles whose damping capabilities are approximately the 
same. 
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Table 5* Study 5: Empir ica l Re la t ions for /U 
M = 0.06 
Nozzle 
S ing le -Por t 6.5 + 2.6S 
100 - 39s 
Dual-Port 6.55 + 2.65S 
100 - 39S 
Quadruple-Port 6.3 + 1.5S 
100 - 39s 
CHAPTER V 
SUMMARY OF RESULTS AND CONCLUSIONS 
Results and Conclusions 
In summary, the following results and conclusions emerge from the 
studies conducted during this investigation. 
(1) The values of the admittance parameter a, that is a measure 
of the attenuation provided by the test nozzles, are small and practically 
independent of the frequency for both the RN-I and RN-II nozzles. Hence 
both of these nozzles provide little damping for axial instabilities when 
used in actual rocket engines. 
(2) The damping provided by short nozzles (including RN-I and 
RN-II, whose geometries satisfy the short nozzle criteria) is practically 
independent of the frequency and geometrical details of the nozzle contours. 
The measured admittance data indicate that when short nozzles are attached 
to cylindrical combustors, the resulting nondimensional Nozzle Decay 
Coefficients A^ approximately equal J, the ratio of the nozzle throat area 
to chamber cross sectional area; this approximate result is in agreement 
9,10 
with the empirical conclusion of Buffurn et al. However, a comparison 
of the experimental short nozzle data with predictions based on the short 
nozzle theory indicates that the theory underestimates the damping capabil-
ities of short nozzles. 
(3) In general, for a given solid rocket nozzle with fixed values 
of entrance diameter, throat diameter and length of the convergent section, 
the nozzle damping can be increased by suitably redesigning the geometry 
125 
of its convergent section. Tests conducted with three different nozzle 
configurations showed that a conical nozzle provides more damping than 
an equal-radii-of-curvature nozzle which in turn provides more damping 
than a linear-velocity-profile nozzle. 
(4) The real and imaginary parts of the nondimensional admittances 
of solid rocket nozzles are weakly dependent upon the frequency and 
chamber Mach number for all values of L /A < 0.1 and they both increase 
with frequency and Mach number for larger values of the above-mentioned 
ratio. 
(5) The damping provided by multiple-ported solid rocket nozzles 
depends upon the number of nozzles present in the nozzle cluster. Results 
obtained under this program showed that the quadruple-ported nozzle pro-
vides less damping for axial instabilities than the single- and dual-ported 
nozzles whose damping capabilities are approximately the same. 
(6) During axial instabilities in a rocket engine with a submerged 
exhaust nozzle there is wave motion in both the combustor and the cavity 
surrounding the submerged nozzle. The depth of the cavity surrounding 
the submerged nozzle has a significant effect upon the measured admittance 
data. However, the cavity depth has negligible effect upon the computed 
value of the Nozzle Decay Coefficient. The secondary flow rates issuing 
from the nozzle cavity have practically no effect upon the nozzle admit-
tance, but they do affect the nozzle decay coefficient. 
(7) Careful judgment should be exercised when using the magnitude 
of the real part of the nozzle admittance to evaluate nozzle damping. 
The real part of the nozzle admittance becomes large whenever the nozzle 
entrance is located in the vicinity of a pressure node. The quantity 
that should be used in the evaluation of nozzle damping is the product of 
the real part of the nozzle admittance and the square of the pressure 
amplitude at the nozzle entrance plane. One should also remember that 
both radiation and mean flow effects should be accounted for in the eval-
uation of nozzle damping. 
(8) Relevant nozzle damping data for both "short" and "long" 
full-scale rocket nozzles can be determined experimentally by investiga-
ting the damping provided by geometrically-similar small-scale nozzles. 
Recommendations for Future Work 
Several recommendations can be made on the basis of the results of 
this investigation. 
1. In order to assure that the nozzle admittance data measured 
under cold-flow conditions can be scaled to actual "hot" engine operating 
conditions, some of the tests conducted in this program should be repeated 
at elevated temperatures. 
2. Nozzle damping is expected to depend upon both the geometry 
of the nozzle convergent section and the manner in which the nozzle 
attaches to the combustor. The effect of nozzle geometry has been investi-
gated in this program while the effect of the manner in which the nozzle 
attaches to the combustor is yet to be investigated. 
3. The nozzle admittance data measured in this program were 
obtained in driven impedance tube experiments where the amplitude of the 
chamber oscillations remained constant throughout a given test. These 
admittance data were then used to analytically determine the Nozzle Decay 
Coefficients. This procedure implicitly assumes that the nozzle admit-
tance data measured under constant amplitude conditions are also 
applicable to situations in which the amplitude of the oscillation decays 
with time. This assumption needs to be checked experimentally. 
4. The nozzle employed in the submerged nozzle investigation of 
Study 3 is a short nozzle providing little damping for axial instabilities. 
In order to determine the dependence of the admittance of a submerged 
"long" solid rocket nozzle upon the depth of the cavity surrounding the 
nozzle and the secondary flow rate issuing from the cavity some of the 
tests conducted in Study 3 should be repeated with nozzles similar to 
those used in Study 4. 
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APPENDIX A 
THE DEPENDENCE OF THE MODIFIED IMPEDANCE TUBE WAVE 
STRUCTURE UPON THE NOZZLE ADMITTANCE 
This appendix will investigate the effect of the nozzle admit-
tance parameters a and /3 upon the standing wave pattern inside the modi-
fied impedance tube. This study was motivated by the desire to optimize 
the accuracy of the admittance data obtained from either amplitude or 
phase measurements taken at discrete locations along the modified 
impedance tube. To obtain the desired information, the dependence of the 
amplitude and phase distributions, along the impedance tube, upon the noz-
zle admittance parameters a and /3 will be investigated analytically. This 
data will be then used to discuss the accuracy of the measurement technique 
used in this study. 
For a one-dimensional oscillation in a simulated corabustor, the 
behavior of the pressure wave is given by the following expression 
Pi(z,t) - |Pl(z)| e
1 ! 8 ^ + W t f (A-l) 
where the pressure amplitude |P (z)| and phase 5(z) are given by Equa-
tions (2-13) and (2-14), respectively. An examination"of Equations 
(2-13) and (2-14) indicates that for a given frequency, the pressure 
amplitude and phase are functions of the axial coordinate z, the steady 
state properties of the medium and the admittance parameters a and p 
which describe the boundary condition at the nozzle entrance plane. For 
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a given set of values of M, A. , a and /3 the axial dependence of the pres-
sure amplitude and phase were computed and typical results are plotted in 
Figures 45 through 48. These figures describe the dependence of the pres-
sure wave structure in a driven impedance tube upon the mean flow Mach 
number H, the nozzle admittance parameters a and /3, and the wavelength k. 
As mentioned earlier in Chapter II, Equations (2-13) and (2-14) 
indicate that, in principle, the admittance parameters a and |3 can be 
obtained from either pressure amplitude or phase measurements taken at 
three different axial locations along the modified impedance tube. A 
careful examination of the figures presented in this appendix indicates, 
however, that measurements taken at three discrete axial locations may 
not always yield enough information about the axial dependence of the 
pressure amplitude and phase of the standing wave. This point may be 
better illustrated by considering an experiment in which the admittance of 
a solid wall termination (for which C* = 0.0 and /3 = 0.5) is to be deter-
mined. The theoretical pressure amplitude distribution for this case and 
two additional cases, for which /3 = 0.5 and a equals 0.1 and 0.2, are 
plotted in Figure 49a. Examination of this figure shows that all three 
amplitude distributions almost coalesce in the vicinity of amplitude 
maxima but they substantially differ from one another near pressure minima. 
Thus, if the values of a and |3 were to be determined by the use of three 
transducers that are located near amplitude maxima, then it is most likely 
that small experimental errors will produce serious errors in the measured 
values of d. It seems intuitively clear that to minimize the possibility 
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Figure *+6. Standing Wave Pattern (with M = 0.0 and P = 0.25) 
in a Modified Impedance Tube. 
132 
1 1 - 5 
1.0 
_ 0.5 
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b) Pressure Phase Measurement. 
Figure h9. Standing Wave Measurement by Three Transducers. 
be located near locations of both amplitude minimum and amplitude maximum. 
However, in a given experimental setup the structure of the pressure 
amplitude is not known and thus it is impossible to determine in advance 
the optimum locations for placing the transducers. To overcome this dif-
ficulty and to assure the quality of the measured data, more than three 
transducers need to be used. 
The above discussion can be repeated for phase measurements. The 
only difference between the use of the phase and amplitude measurement 
techniques is that insufficient information about the phase distribution 
along the impedance tube would result in serious errors in the parameter 
(3 rather than the parameter a, as was the situation in the case of ampli-
tude measurements. This point can be best illustrated by referring to 
Figure 49b where the phase distributions corresponding to two different 
values of |3 (i.e., /3 = 0.5 and j3 = 0.25) and the same value of a. (i.e., 
O = 0.0) are plotted. If the unknown admittances were to be determined by 
means of the three transducers shown in the figure, the correct value of j3 
would most likely not be obtained. A further examination of the data pre-
sented in Figures 45 through 48 suggests that to minimize the possibility 
of errors in the measurement of a, phase measurements should be used. 
Also, the transducers must be located as close as possible to the ampli-
tude nodal point. However, in an experimental setup the axial dependence 
of the pressure phase is not known in advance and these optimum locations 
depend upon the frequency of the oscillations. Hence, for the experimental 
arrangement used in this investigation, where the frequency of the driver 
output varied linearly between 40 to 600 Hertz, it was impossible to find 
optimum locations that will satisfy all the experimental conditions. As 
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was mentioned earlier, in the discussion of pressure amplitude measure-
ments, this difficulty can be overcome by use of more than three trans-
ducers . 
Finally, it should be pointed out that the expressions relating 
|p (z)| and 5(z) to admittance parameters a and 3̂ are nonlinear and hence 
the use of pressure amplitude or pressure phase measurements taken at 
only three axial locations to determine a and /3 may not yield a unique 
solution. In view of the above discussion ten transducers placed at dif-
ferent locations along the modified impedance tube were used in this pro-
gram to determine the behavior of the standing pressure wave pattern. 
Based on the experience gathered during this investigation, it is believed 
that the use of ten transducers is sufficient for the range of frequencies 
covered in this program. 
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APPENDIX B 
NOZZLE DECAY COEFFICIENT FOR A CYLINDRICAL CHAMBER 
This appendix will demonstrate how the measured small-scale nozzle 
admittances can be used to determine the decay (or growth) rate of a dis-
turbance in the cold flow chamber. Since it will be assumed that the 
nozzle is only a means of adding or removing wave-energy into or out of 
the system, then the calculated decay (or growth) rate will be referred 
to as the Nozzle Decay Coefficient and it will be denoted by the symbol 
V 
The desired expression for a can be derived from the expressions 
derived in Reference 21 that use the mass, momentum and energy conserva-
tion laws to investigate the behavior of small-amplitude disturbances in 
cavities with mean flows. Specializing the expressions derived in Refer-
ence 21 to the system shown in Figure 50 leads to the derivation of Equa-
tions (2-20) through (2-23). For a one-dimensional oscillation, when the 
nozzle is the only means of wave energy transfer into or out of the com-
bustor, Equation (2-20) reduces to the following form: 
2 V = -< Ac Plu 1 I ̂  
2 / _ u \ + I 1 2 / y j £ U 
+ p i ( ^ ) + u i l ^ ' ^ (B-X) 
All the quantities appearing in Equation (B-l) are evaluated at the noz-
zle entrance. The right hand side of Equation (B-l) contains four terms 
The first term is a measure of the radiative wave energy loss due to tne 







•e 50. Schematic Diagram of a Combustor with a Short 
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wave propagation through the nozzle port. The remaining three terms are 
a measure of the wave energy losses due to the presence of a mean flow. 
The space and time integrations, indicated in Equations (2-20) and 
(2-21), can be performed only if the mode structure and time dependence of 
the oscillations inside the combustor are known. The required expressions 
are obtained by solving the system of conservation equations that describe 
the behavior of a small amplitude disturbance superposed on a one-dimen-
sional flow field inside the simulated rocket combustor. The resulting 
expressions (i.e., see Reference 15) describing the time and one-dimensional 
space dependence of the pressure and velocity perturbations inside the 
combustor are given by Equations (2-2) and (2-3). The real parts of the 
resulting complex expressions, which represent the physical oscillations 
in the chamber, are given by the following expressions: 
Re(p ) YpA 
2d 
sin (cut 4- az) sinh(na) cos (n(3 + n -x—h Rz) 
2d 





s in(6J t + az) cosh (7ra) cos (77/3 + TT -£" + Rz) 
2d 
cos(6L)t + az)sinh(na)sin(n(3 +n ~%~ + Rz) 
(B-2) 
(B-3) 
Using Equations (B-2) and (B-3), letting z = L and d = 0, and performing 
c 
the time integrations indicated in Equation (B-l) give the following 
results: 





(p2) > = Y (ypA)2rcosh
2(rra)sin2(rr/3 + RLc) 1- z=L 
2 2 ~ 
+ sinh (rra)cos (tfp + RL ) 
c 
9 1 9 r" 9 9 
< (u1) > = Y (cA) sinh (TTa)sin (7T/9+ RL ) 
z=L •- c 
c 
+ cosh (77a)cos2(rr/3 + RL ) 
(B-5) 
(B-6) 
Substituting the expressions given in Equation (B-4) through (B-6) into 
Equation (B-l) yield the following result: 
2a V 
N 




where for a one-dimensional oscillation Equation (2-21) gives 
(B-7) 
V A < 
c f 
J 0 
c \ p 2 , 1 2 u 
| u i + 7 ^ P I + ~ U IP I> d z 
( 2pc c 
(B-8) 
In writing Equation (B-8), it has been implicitly assumed here that the 
length of the region of non-uniformities is very small when compared to 
L . Substituting Equations (B-2) and (B-3) into Equation (B-8) and per-
forming the indicated space and time integrations give 
V = - AcA
2L yp |cosh(277a) + M sinh(2^a) (B-9) 
Finally, substituting Equation (B-9) into Equation (B-7) and rearrangin; 






1 + M _ l tanh(27ra) 
1 + M t anh {2nd) 
sec (B-10) 
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Inspection of Equation (B-10) shows that the nozzle decay coefficient, in 
the case of a longitudinal oscillation, can be determined once c, Lc, M, 
and a are known. The quantities c, L , and M are usually known a priori 
or they can be measured directly while the parameter a. is measured as 
part of the determination of the nozzle admittance. With all of these 
parameters available, the nozzle decay coefficient may be determined from 
Equation (B-10). A plot, based on Equation (B-10), showing the dependence 
of the nondimensional nozzle decay coefficient A-, upon M and a is presented 
in Figure 51. This figure can be conveniently used to determine A once 
M and a are known from either experimental or theoretical data. 
It is important to realize that the flow stream separates from 
the chamber walls, at some location upstream of the nozzle entrance, when 
the cross-sectional areas of the combustor and the nozzle entrance are 
not equal. When this occurs, the measured nozzle admittance provides 
information about the damping provided by both the nozzle and the non-
uniform flow region just upstream of the nozzle entrance. Consequently, 
the calculated nozzle decay coefficient ct accounts for both the damping 
provided by the nozzle and the non-uniform flow region located upstream of 
the nozzle entrance. 
As was already pointed out during the discussion of the Study 3 
admittance data, Equation (B-10) cannot be used directly to determine the 
nozzle decay coefficient of a submerged nozzle configuration. This is 
due to the fact that the gases leaving the nozzle cavity are flowing in 
a direction opposite to that of the primary chamber flow and the flow 
leaving the nozzle. The presence of a "reversed" cavity flow results in 
acoustic energy being "convected" from the cavity into the chamber. The 
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presence of this secondary mean flow must be taken into consideration 
while performing the spatial integrations indicated in Equation (2-20). 
For computational purposes, the flow conditions in the combustor and 
the submerged nozzle entrance plane will be approximated by the velocity 
profiles shown in Figure 52. The nozzle effective mean flow Mach number, 
M-,, accounts for both the primary combustor flow and the secondary cavity 
flow. Recognizing that the flow representation shown in Figure 52 is at 
best only approximate, and applying Equation (2-20) to the system shown 
in the figure results in the following expression: 
2fl V = -< ''% f pnun dS + I p.,u,M dS + f p,unM dS A X 1 J A
 Hl 1 N JA 'A A lis 
/ 
M r
 M n 
-^ Pi dS - f ^ v\ dS 
J A pc 
A s c 
+ / pcMudS - f p 
J A J A 
c M un dS s 1 
(B-ll) 
where A is the chamber cross-sectional area and A is the cavity entrance 
c s 
area, both measured at the nozzle entrance plane. In deriving Equation 
(B-ll) the relationships M n = M where M is the effective nozzle 
entrance plane Mach number, M • n = -M where M is the Mach number of 
-*s -• s s 
the secondary flow at the nozzle entrance plane, and j| *_n = u have been 
used. Equation (B-ll) can also be written as follows. 
la V = 
N 
- 2 - 2 
(A + M A + MA ) < D..U, > 
c N c s s 1 1 
(SN A 
<P > 
M A )<J *— 4- pc < u 2 > 
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Figure 52. Schematic Diagram of a Comb lis tor with a Submerged Nozzle. 
To evaluate the volume integral V, defined in Equation (2-21), the reverse 
flow in that part of the chamber near the cavity entrance is neglected and 
Equation (2-21) for a one dimensional oscillation reduces to the following 
form: 
V = A < 
c J 1 
J 0 
c ( P 2 1 2 L "p x ^ ^ 
( 2 U l +Z^2 P l + ^ U 1 P 1 } d Z > 2pc c 
(B-13) 
where M is the Mach number of the primary flow. Neglecting the wave 
motion in the cavity and using Equations (2-2) and (2-3) to describe the 
mode structure in the combustor, and using Equations (B-12) and (B-13) 
results in the derivation of the following expression for the nondimen-
sional decay coefficient, A , for a combustor with a submerged nozzle: 
N 
»N - Ms r
 + 
\ = -
1 + K + 5 s Tc 
2 tanh (2 Tra) 
f l + M tanh (2rra)l 
(B-14) 
Examination of Equation (B-14) indicates that the presence of a secondary 
flow resulted in the addition of two more terms to Equation (B-10) for the 
nozzle decay coefficient A . The first of these terms M ~T J N s A, 
results in 
A, 
1 -2 t "s 
a decrease in nozzle damping while the second term - — M I T Itanh (277a) 
2 s \ A C 
results in an increase in nozzle damping. However, order of magnitude 
considerations indicate that the first term is larger than the second 
term and hence the presence of the "reversed" cavity flow is expected to 
reduce nozzle damping and thus decrease engine stability. 
When M , M , M , and a are all small quantities Equation (B-14) can 
p N s 
be approximated by the following expression: 
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Comparing Equation (B-15) with the corresponding expression derived for 
the nonsubmerged nozzle (i.e., Equation (2-30)) also suggests that the 
submerged nozzle offers less damping due to the presence of a reversed 
secondary flow whose effect is represented by the term M A /A . 
s s c 
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